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Abstract: For space precision measurement tasks, the drag-free and attitude control 

system is the key technology to minimize disturbances of space environment to scientific 

measuring instruments and achieve stable flight of the satellite platform. But the thruster, as 

the actuator of the whole system, its noise characteristics also have particularly pernicious 

effects on the accuracy of the control system. In order to clarify the influence of thrust noise 

on the drag-free and attitude control system, thrust noise in millihertz band of a cusped field 

thruster is measured at first. Then, a drag-free and attitude control system is established. 

Finally, the effects of thrust noise in different frequency bands on control system are simulated 

and analyzed.  

Nomenclature 

𝑎𝑑 , 𝑎𝑇 = accelerations of atmospheric drag and thrust 

𝐶𝐷 = drag coefficient 

e = elementary charge  

f = thruster model 

𝐹𝑑 = atmospheric drag  

𝑔 = gravity function 

𝐼𝑖  = ion current 

𝑖𝑜, 𝑗𝑜 , 𝑘𝑜 = three axes of local orbital reference frame  

𝐽 = inertia tensor of the satellite 

𝑘𝑝𝑎, 𝑘𝑑𝑎 = control parameters of attitude control loop 

𝑘𝑝𝑑𝑓 , 𝑘𝑑𝑑𝑓 = control parameters of drag-free control loop 

𝐿𝑑 = force arm of atmospheric drag  

𝑚 = mass of satellite 

𝑚𝑖 = atomic mass of Xenon 

𝑚𝑖̇  = anode flow rate 

𝜌𝐷 = atmospheric density 

𝑞 = attitude quaternion 

𝑟𝑠 , 𝑟𝑡 = position of satellite and test mass 

δ𝑟 = displacement error between satellite and test mass 

𝑆𝐷 = frontal area of the satellite 

T = thrust 
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𝜏𝑑 , 𝜏𝑎 = torques of drag and actuator 

Ua = anode voltage 

𝑈𝑖 = accelerating voltage 

𝜐𝑟𝑒𝑙  = relative velocity of satellite and air 

𝑣𝑠, 𝑣𝑡 , 𝑣𝑖 = velocity of satellite, test mass and ion 

𝜔, 𝜔̂ = angular rate 

I.Introduction 

OR space precision measurement tasks, high demands on the stability of the experimental environment are put 

forward to ensure the correct measurement of scientific signals. Taking the Gravity and steady state Ocean 

Circulation Explorer (GOCE) as an example, GOCE is a gravity satellite based on gravity gradiometer, which was 

successfully launched on March 17, 2009 by European Space Agency to determine the Earth’s steady state gravity 

field anomalies with an accuracy of 1 x 10-5 m/s2 and determine geoid heights with accuracy between 1 to 2 cm, at 

length scales down to 100 km.1 In order to improve the accuracy of gravity field measurement, the orbit altitude of 

GOCE satellite is 250 km, but the fluctuation of atmospheric drag in near-earth orbit is large, which requires that the 

gravity gradiometer has a large dynamic measurement range.2 However, the large measurement range inevitably leads 

to the decrease of the measurement resolution of the instrument. So, to improve the resolution of the gravity 

gradiometer and meet the stability requirements of GOCE, which requires the residual linear acceleration of the 

satellite to better than 2.3 x 10-8 ms-2/√Hz1, GOCE use the drag-free and attitude control system (DFACS) and electric 

thrusters to offset the non-conservative force in real time and minimize residual acceleration of the satellite 

platform.3,4,5 In addition to gravity field missions, there are other space precision scientific measurement tasks that 

also use drag-free satellites, such as MicroSCOPE6 (launched on April 25, 2016 from Kourou) for equivalence 

principle testing and LISA pathfinder7 (launched on December 2, 2015) for gravitational wave detection technology 

testing.  

There exists a free-falling test mass in a drag-free satellite. The goal of DFACS is making the satellite follow test 

mass as it falls through space affected only by gravity.8 The principle of DFACS is to use the thrust of the thruster to 

compensate the non-conservative force of the space environment on the satellite in real time.9  

The thruster, as the actuator of DFACS, its working performance seriously affects the control performance of the 

whole system, especially the thrust noise characteristics. Therefore, each task has a clear requirement for thrust noise 

in mHz-Hz band, for example, the thrust noise requirement of GOCE satellite is 0.05mN/√Hz in the measurement 

bandwidth.10 The noise characteristics of a T5 Kaufman-type ion thruster were verified to meet the requirements of 

GOCE satellite and it was used in this satellite.11 In order to design better controllers, some researchers have taken 

thrust noise into account when designing DFACS controllers12,13, but it is still unclear how thrust noise affects the 

whole system. And the distribution of plasma oscillation spectrum is very wide14, in which breathing mode instability 

(kHz band) plays a major role in the process of ionization, diffusion and acceleration of particles15. It is not known 

whether the oscillation in this higher frequency band could affect the accuracy of DFACS. 

Therefore, the main research content of this paper is to analyze the influence of thrust noise in different frequency 

bands on the DFACS. The noise characteristics of a thruster are measured and analyzed firstly in Section Ⅱ. Then a 

DFACS considering thrust noise is modeled in Section Ⅲ. In Section Ⅳ, the effects of thrust noise in different 

frequency bands on the DFACS are presented and analyzed. 

II.Thrust Noise of a Cusped Field Thruster 

A cusped field thruster designed for drag-free satellites was tested in Plasma Propulsion Laboratory of Harbin 

Institute of Technology.16 The previous experiments have proved that the thruster has the ability to be applied to drag-

free satellites.17 In this study, we mainly measure the thrust noise of this thruster under different operating conditions. 

In GOCE mission, the science measurement bandwidth is 5 to 100 mHz. Therefore, the measurement bandwidth 

of thrust noise is set as 1mHz to 10Hz. However, due to the response speed limitation of the thrust stand, it is 

impossible to use the thrust stand to measure thrust above Hz band. So an indirect thrust measurement method is used, 

which calculates thrust by measuring plume parameters. Since thrust is generated by accelerated ions, thrust T can be 

theoretically expressed in the following formula: 

 𝑇 = 𝑚𝑖̇ 𝑣𝑖 (1) 

where 𝑚𝑖̇  is the anode flow rate, 𝑣𝑖  is the ion velocity. According to the law of conservation of energy and 

conservation of mass,  

F 
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 𝑣𝑖 = √2𝑈𝑖 𝑒 𝑚𝑖⁄  (2) 

 𝑚𝑖̇ = 𝐼𝑖 𝑚𝑖 𝑒⁄  (3) 

where 𝑈𝑖 is the accelerating voltage, 𝐼𝑖  is the ion current, and  𝑚𝑖, 𝑒 represent atomic mass and elementary charge 

constant. Among them, the ion current in plume region can be measured by Faraday probe. RPA probe is used to 

measure ion energy distribution, which is accelerating voltage 𝑈𝑖, and two sets of data are combined to calculate the 

thrust value. The detailed calculation method of thrust is introduced in A. Keller’s doctoral thesis18, so it is not 

described in this section. 

Thrust noises of this thruster under different operating conditions are measured. Among them, thrust noises of four 

conditions (Anode voltage Ua is 600V and 650V, anode flow rate 𝑚𝑖̇  is 4sccm and 7sccm, respectively) are shown in 

Fig.1. According to the measured results, the thrust noise spectrum characteristics are basically the same under 

different operating conditions. And thrust noises under all working conditions meet GOCE thrust noise requirement 

(see the red thick line in the Fig.1). 

 
Figure 1. Amplitude spectral densities of thrust under four operating conditions 

According to Fig. 1, the thrust noises have white noise characteristics that the amplitude spectral densities of thrust 

are evenly distributed in the frequency band above 0.05 Hz. This feature reflects the randomness of the system motion, 

which may be caused by random fluctuations of the input devices of the thruster (such as fluctuations of Xenon Feed 

Assembly) or plasma oscillations. Below 0.05Hz, thrust noise amplitudes increase slightly with decreasing frequency. 

Compared with the other three working conditions, the thrust noise increases obviously when the anode voltage equals 

300V and anode flow rate is 7sccm. Therefore, thrust noise in this frequency band is specific and may be related to 

the long-term thermal drift of the thruster. The detailed reasons need to be further studied later.  

III.Drag-Free and Attitude Control System Modeling 

To analyze the effects of thrust noise on DFACS, the modeling method of DFACS is described in this section. The 

control block diagram of DFACS is shown in Fig. 2. The test mass is in free fall. There is a capacitive sensor to 

measure the displacement and velocity differences between the test mass and the satellite in real time. The 

displacement and velocity errors are delivered to the controller to generate thrust commands19. And thrust noise is 

considered when the thrust is calculated in the thruster model.  

The goal of attitude control loop is to make the satellite attitude follows the local orbital reference frame (LORF) 

in real time. The axes in LORF are defined by10 

 𝑖𝑜 =
𝑣𝑠

|𝑣𝑠|
, 𝑗𝑜 =

𝑣𝑠×𝑟𝑠

|𝑣𝑠×𝑟𝑠|
, 𝑘𝑜 = 𝑗𝑜 × 𝑖𝑜 (4) 
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that means 𝑖𝑜 points toward motion direction, 𝑗
𝑜
 is aligned with the angular momentum direction. Because the 

main research content of this paper is to analyze the impacts of thrust noise on the whole system, it is assumed 

that the sensors and actuators in the attitude control loop are ideal devices without any noise.  

 
Figure 2. The control block diagram of DFACS 

A. Orbital and attitude state equations  

The test mass is in free fall and its motion is determined only by gravity. Therefore, its motion equation is  

 𝑟𝑡̇ = 𝑣𝑡, 𝑣𝑡̇ = 𝑔(𝑟𝑡) (5) 

where  𝑔 is the gravity acceleration, which is a function of the position of test mass. Satellite motion is also affected 

by atmospheric drag and thrust, as shown in Eq. (6).  

 𝑟𝑠̇ = 𝑣𝑠, 𝑣𝑠̇ = 𝑔(𝑟𝑠) + 𝑎𝑑 + 𝑎𝑇 (6) 

where 𝑎𝑑  is the accelerations of atmospheric drag and 𝑎𝑇  represents thrust accelerations. For satellite attitude 

dynamics, Euler’s equations and kinematic equations20 based on quaternion are used, 

 𝑞̇ =
1

2
𝜔̂ ∙ 𝑞 (7) 

 𝜔̇ = 𝐽−1 ∙ [𝜏𝑑 + 𝜏𝑎 − 𝜔 × (𝐽 ∙ 𝜔)] (8) 

where 𝑞 is the attitude quaternion describing the attitude of the satellite, 𝜔̂ is the quaternion representation of the 

angular rate with regard to LORF, and  𝐽 is inertia tensor (from GOCE). 𝜏𝑑 , 𝜏𝑎 are the torques of drag and actuator. 

With these equations, motion states of test mass and satellite can be calculated. 

B. Environment forces and torques 

Because the orbital altitude is 250 km, the atmospheric drag effect is very obvious, and the solar pressure can be 

neglected in the low Earth orbit. The atmospheric drag 𝐹𝑑 is a function of a drag coefficient 𝐶𝐷, the frontal area of the 

satellite 𝑆𝐷 , the atmospheric density 𝜌𝐷 , and the relative velocity 𝜐𝑟𝑒𝑙 . Atmospheric drag acceleration 𝑎𝑑  equals 

atmospheric drag divided by satellite mass 𝑚. The disturbance torque 𝜏𝑑 is equal to the force arm 𝐿𝑑 multiplied by 

the drag value (see Eq. (10)). In this simulation, 𝐶𝐷 is set as 2.2 and the atmospheric density 𝜌𝐷 is calculated by the 

U.S. Naval Research Laboratory mass spectrometer and incoherent scatter radar model NRLMSISE-00.21  

 𝐹𝑑 = −
1

2
⋅ 𝐶𝐷 ⋅ 𝑆𝐷 ⋅ 𝜌𝐷 ⋅ 𝜐𝑟𝑒𝑙 ⋅ |𝜐𝑟𝑒𝑙|,        𝑎𝑑 = 𝐹𝑑 𝑚⁄   (9) 

 𝜏𝑑 = 𝐿𝑑 × 𝐹𝑑 (10) 

C. Controller 

For drag-free control loop, the displacement errors δ𝑟 and velocity errors δ𝑟̇ between satellite and test mass can 

be used as feedback signals. Based on the principle of proportional and differential control22, the control law is shown 

in Eq. (11), where 𝑘𝑝𝑑𝑓 , 𝑘𝑑𝑑𝑓 are control parameters. Similarly, the controller of attitude control loop is shown in Eq. 

(12), 𝑘𝑝𝑎, 𝑘𝑑𝑎 are control parameters of this loop. 
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 𝑎𝑇 = −𝑘𝑝𝑑𝑓 ∙ δ𝑟 − 𝑘𝑑𝑑𝑓 ∙ δ𝑟̇ + 𝑔(𝑟𝑡) − 𝑔(𝑟𝑠) − 𝑎𝑑  (11) 

 𝜏𝑎 = −𝑘𝑝𝑎 ∙ 𝑞 − 𝑘𝑑𝑎 ∙ 𝜔 − 𝜏𝑑 (12) 

D. Thruster model considering thrust noise 

At present, most of the researches on electric thrusters are concerned with the physical phenomena and high-

frequency motion process of internal plasma. Thrusters are simulated mostly based on fluid method or Particle in Cell 

(PIC) method, but these methods are too computational and unsuitable for satellite control simulation. Because the 

control simulation step is 0.1s, the plasma dynamics can be neglected. Therefore, for this study, the thruster can be 

simplified as a simple multi-input and multi-out system (MIMO) without concern for the plasma motion inside the 

thruster. Anode flow rate and anode voltage are input parameters and thrust is output parameter of this system. The 

input-output model is established based on steady-state experimental data17, which can be expressed as follows  

 𝑇 = 𝑓(𝑚𝑖̇ , 𝑈𝑎) (13) 

 In order to reflect the influence of thrust noise, the real thrust output value is equal to T plus thrust noise. Thrust 

noise is calculated based on experimental data. The amplitude spectral density of thrust noise can be obtained in 

Section 2. Random phase is artificially introduced to restore the noise signal. 

IV.Simulation Results and Analysis 

In this program, the orbital altitude is set at 250 km, eccentricity is 0.001 and the mass of satellite is 1052 kg, 

which are consistent with those of GOCE. To analyze the influence of thrust noise on the DFACS, we calculate the 

simulation without thrust noise firstly. Then we assume this cusped field thruster is used to compensate the along-

track non-conservative forces, that means the thrust noise in 𝑖𝑜 direction is considered in the second simulation. 

The total simulation time of DFACS is 10000s. The simulation results of thrust and air drag in time domain are 

shown in the Fig. 3. From Fig. 3 a), it can be seen that the output thrust of the thruster can compensate the atmospheric 

drag in real time during the operation of the satellite, which shows the correctness of the simulation program and the 

controller design. Considering the thrust noise, the amplitudes of thrust output fluctuation increase dramatically (see 

Fig.3 b)). Although it can still compensate the atmospheric drag in real time, the errors of drag compensation increase 

obviously. Comparing two figures, the average error of drag compensation increases from 2.229N to 48.210N due 

to thrust noise. 

 
Figure 3.  Thrust and air drag values in 𝒊𝒐 axis, a) without noise, b) with noise 

To further observe the effects of thrust noise on the drag-free control loop, the amplitude spectral densities of 

displacement and velocity errors between satellites and the test mass in three axes are given (as shown in the Fig. 4). 

These parameters can characterize the control performance of this control loop. Considering thrust noise only in the 

𝑖𝑜 direction, we can see that both displacement errors and velocity errors in this direction have great increases. The 

maximum displacement error increases from 3.453 nm to 87.155 nm, and the maximum velocity error reaches 72.867 

nm/s from 3.256 nm/s. In 𝑗𝑜 and 𝑘𝑜 direction, the displacement errors and velocity errors increase slightly, the errors 

of thrust and air drag are also very small, and the control accuracy is basically unchanged. The results show that the 

thruster, as an actuator in the drag-free control loop, its noise directly affects the accuracy of drag compensation, which 
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leads to the increase of the residual linear acceleration of the satellite and the decrease of the control precision. 

Therefore, thrust noise deteriorates the performance of the control system. 

For the attitude control loop, the simulation results are shown in the Fig. 5. It can be seen that for the two cases, 

the amplitude spectral densities of attitude errors and attitude rates are basically the same, so the effects of thrust noise 

on the performance of attitude system can be neglected. This is because we assume that the thrust is directly acting on 

the center of mass of the satellite in this program, and its behavior does not cause significant changes in the attitude 

of the satellite, the simulation results are consistent with the current assumption. However, the thrust misalignment is 

inevitable in the actual operation process of the thruster, because of installation error of the thruster or the non-

axisymmetric thrust output of the thruster. Therefore, when the thrust misalignment is taken into account, the thrust 

noise inevitably is coupled to the attitude control loop and produces disturbance torques, which affects the attitude 

control accuracy. Therefore, thrust noise has huge effects on the control accuracy of DFACS. 

 
Figure 4. Displacement and velocity errors of drag-free control loop in three axes 

Above all, the influence of thrust noise in mHz-Hz band on DFACS is analyzed. But according to the studies of 

electric thrusters, due to the movement of plasma and neutral gas, the frequency spectrum of discharge current 

oscillation covers kHz to GHz, and the amplitude of breathing oscillation (in kHz frequency band) is the largest, which 

has the most serious impacts on the thruster discharge and propulsion system. Therefore, the effects of higher 

frequency thrust noise on DFACS are simulated and analyzed next. Currently, there are many studies about breathing 

oscillation, and its formation mechanism has been understood. However, due to the difficulty and complexity of high-

frequency measurement of thrust, the current research is basically centered on the discharge current, there is very little 

research on the thrust oscillation at kHz frequency band. Therefore, in this study, a sinusoidal wave with a frequency 

of 1 kHz and an oscillation amplitude of 10% is used to simulate the breathing oscillation of thrust, which is brought 

into the program for simulation calculation. Because of the huge amount of calculation, the simulation time is set to 

100s. 
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Figure 5. Attitude errors and attitude rates of attitude control loop in three axes 

 

 
Figure 6. Displacement and velocity errors of drag-free control loop in 𝒊𝒐 axis 
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Figure. 6 shows the simulation results of the displacement and velocity errors in 𝑖𝑜 direction of three cases. Case 

1 uses ideal thruster without thrust noise and case 2 considers thrust noise only in mHz band. The thrust noise in mHz 

and kHz band are considered at the same time in case 3. Figure. 7 shows the corresponding amplitude spectral densities 

of those parameters. It can be seen from the two graphs that although thrust noise in kHz band has slight effects on 

the control errors of drag-free control loop, the amplitude changes are not obvious. This is because satellite is a large 

inertial system, which can filter high frequency noise. Due to the limitation of system bandwidth, the influence of 

high-frequency thrust noise on DFACS can be neglected. In summary, the thrust noise in the scientific measurement 

frequency band (mHz-Hz) has significant impacts on DFACS, and the thrust fluctuation in higher frequency band 

need not be considered.  

 
Figure 7. Amplitude spectral densities of displacement and velocity errors in 𝒊𝒐 axis 

V.Conclusion 

The drag-free and attitude control system is a necessary means to realize the ultra-stable flight of a satellite and a 

necessary technology for space precision measurement experiments. As the actuator of drag-free control system, the 

output noise of a thruster affects the accuracy of the control system. In order to accurately analyze the impacts of 

thrust noise on the system, the thrust noise of a cusped field thruster is measured firstly. Then a drag-free satellite 

simulation system based on orbit mechanics, attitude dynamics, feedback control and thruster model is built. 

According to the simulation results, it is found that thrust noise directly affects the accuracy of drag compensation, 

and leads to significant increases in the displacement errors and velocity errors between the satellite and the test mass. 

For attitude control system, thrust noise has no obvious effects on it based on the current assumption. The influence 

of thrust noise in higher frequency band, such as breathing oscillation band, on DFACS can be neglected. 

Therefore, the thrust noise and output stability of the thruster in mHz-Hz frequency band need to be further 

optimized to further reduce the effects of the thruster on the control accuracy of the DFACS. 
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