
 

1 

 

Active Disturbance Rejection Control of Test Sample in 
Electrostatic Suspension System 

 
Biao Xiang1, Qingyuan Guo2 and Waion Wong1 

1 Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong SAR, China 

2 Key Laboratory of Space Utilization, Technology and Engineering Center for Space Utilization, Chinese Academy of Sciences,  

No.9 Dengzhuang South Road, Haidian District, Beijing, China 

 
Abstract: The electrostatic suspension system is a contactless detective method to analyze the material properties of test 

sample. In this article, the characteristics about electric field force and electric image force of an electrostatic suspension 

system are analyzed, and the force analysis and dynamic functions of test sample in the electrostatic suspension system are 

developed. The suspension precision of test sample in vertical direction is sensitive to the gravity and the disturbances. 

Therefore, an active disturbance rejection control (ADRC) model including a displacement control loop and an 

acceleration control loop is designed to the suspension control of test sample. The simulation and experiment are 

conducted to validate the effectiveness of ADRC model when the random and impulse disturbances are imposed on the 

test sample in vertical direction, and results indicate that the ADRC model could improve the robust stability of test sample 

and reduce the oscillation amplitude of high voltage electrodes. 

 
Keywords: electrostatic suspension system; electric field force; high voltage electrode; active disturbance rejection 

control. 

1 Introduction 

The electrostatic suspension system is used as a contactless detective technique of material testing by 

suspending the detected sample at the equilibrium position [1, 2]. This technology is widely applied to the 

researches about the undercooling materials [3, 4], the metastable materials [4, 5] and other new functional 

materials [6-8] by avoiding the contact between the test sample and the container, and it could effectively 

restrain the heterogeneous nucleation. Compared to other suspension methods such as the electromagnetic 

suspension system [9, 10], the aerodynamic suspension system [11] and the acoustic suspension system [12], 

the electrostatic suspension system could suspend the nonmetallic materials, realize the suspension in vacuum 

environment and separate the heating from the suspension. More importantly, the electrostatic suspension 

system causes little influence on the test sample with better control performance [13]. 

For suspension control of test sample in the electrostatic suspension system on the ground, the 

electrostatic suspension system must generate the electric filed force to overcome the gravity of test sample in 

vertical direction [14], so the stabilization control of test sample in the electrostatic suspension system is an 

important research topic. Firstly, in order to generate enough electric field force to overcome the gravity, the 

test sample should have a large amount of charges in the high voltage (HV) electrodes with a short airgap [15]. 

Therefore, the stabilization control of test sample in the electrostatic suspension system should have quick 

response speed to make the test sample stably suspends from the initial unstable position to the equilibrium 

position. Moreover, the high steady-state suspension precision is required to ensure the precise measurement 

about test sample in the electrostatic suspension system. Furthermore, because the initial charged state of test 
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sample is complex and the charge of test sample would be declined during the heating and molten process, the 

stabilization control system of test sample in the electrostatic suspension system should have strong ability on 

disturbance rejection. 

In order to improve the stability and control precision of test sample in the electrostatic suspension 

system, a time-delay controller was designed [16, 17], and the bias voltage of electrostatic suspension system 

was derived based on the maximum acceptable time-delay. A single-axis feedback control scheme was 

proposed to realize the quick response of test sample in the electrostatic suspension system [18], and the 

experimental results showed that the control model has satisfactory levitation stability in both upright and 

horizontal directions. Based on the approximated linear model of electrostatic suspension system in [19], a 

gain-scheduling control was used to the position control of electrostatically levitated material, and the charge 

of levitated material is estimated by a discrete-time extended Kalman filter. Finally, experimental results 

verified that the gain-scheduled control achieved a better performance than the fixed-gain control model. A 

simple fuzzy logic scheme for online tuning parameters of proportional integral (PI) control model was 

studied in the wheel-like rotor levitated by electrostatic force to improve the robustness [20], the overshoot 

was reduced to 17% compared with 27% of the conventional PI controller, and the rise time for two control 

channels was 3.6ms and the settle time was nearly 25.6ms, so the results presented a quick response time and 

good steady-state performance. 

Although the stabilization control of test sample in the electrostatic suspension system had been realized 

in those above-mentioned papers, the disturbance influence and the variable electric image force in the 

electrostatic suspension system were not analyzed and suppressed. Therefore, this article will study the 

dynamic models of test sample in the electrostatic suspension system with different disturbances and the 

electric image force. Considering the anti-disturbance performance of the active disturbance rejection control 

(ADRC) [21-24], an ADRC model including a displacement control loop and an acceleration control loop is 

designed to suppress the disturbance acting on test sample in the electrostatic suspension system. The major 

contributions of this article include: 

1, analyze the influence caused by the electric image force, and the stable suspension conditions of test 

sample in the electrostatic suspension system are proposed. 

2, develop the dynamic model of test sample in electrostatic suspension system with electric image force. 

3, an ADRC model with a displacement control loop and an acceleration control loop is designed to 

improve suspension precision of test sample in electrostatic suspension system. 

This article is organized as follows. The structure of an electrostatic suspension system is introduced in 

section 2. Furthermore, the ADRC model is designed for the electrostatic suspension system in section 3. The 

numerical simulations are performed to verify the anti-disturbance ability of electrostatic suspension system 

with the ADRC model in section 4. The experiments are conducted to evaluate the control performances of 

test sample in the electrostatic suspension system in section 5. Finally, some conclusions are summarized.  
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2  Model of Electrostatic Suspension System 

2.1 Prototype of Electrostatic Suspension System 

The prototype of electrostatic suspension system is shown in Fig. 1(a), three pairs of HV electrodes in the 

sealed container control the stable suspensions of test sample on six degrees of freedom (DOFs) based on the 

displacement feedback. The simplified model of test sample on xy plane and the control loop of electrostatic 

suspension system are illustrated in Fig. 1(b). The whole electrostatic suspension system has five sub-systems 

including the actuator system, the measurement system, the main control unit (MCU), the high voltage 

amplifier (HVA) system and the high voltage power supply (HVPS) system. The actuator system has three 

pairs of HV electrodes along x, y and z axes, and they generate electric field forces to suspend the test sample 

at vertical and horizontal equilibrium positions. The measurement system is consisted of two orthogonal 

binocular vision cameras, and the light sources are applied to make the test sample generates shadow to the 

camera during heating test sample, so the displacements of test sample along vertical and horizontal directions 

could be measured. Simultaneously, the light sources also replenish the charge of test sample, and their 

fixation heights are same as the HV electrodes on xy plane. The MCU system based on multi-core graphic 

processing unit (GPU) and Soc chip could realize the image processing of test sample and the programming of 

ADRC model. The digital-analog (DA) unit converts the digital signal to the analogy signal, and then the 

control voltages for three pairs of HV electrodes are generated through the HVAs in different control channels. 

Finally, three HV electrodes generate the electric field forces to control the stable suspension of test sample 

through the HVPS system. 

(a) (b) 
Fig. 1. (a) The prototype of electrostatic suspension system, (b) the simplified model of electrostatic suspension system. 

 

2.2 Model of Test Sample with HV Electrode 

As shown in Fig. 2(a), the test sample is suffering the electric field force fez, the electric image force fiz and 

the gravity mg in vertical direction. Uz is the control voltage between the top electrode z+ and the below 

electrode z- in vertical direction, d is the vertical airgap between the top electrode z+ and the below electrode z-, 

and dz is the vertical airgap between the center of test sample and the below electrode z-. 
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(a) 

 
(b) 

Fig. 2. Force model of test sample in HV electrodes, (a) force analysis of test sample in vertical direction, (b) force analysis of test sample 
in horizontal direction. 

 
In order to make the test sample stably suspended at the equilibrium position in vertical direction, the 

electric field force satisfies the condition as following 

𝑓 ≥ 𝑓 + 𝑚𝑔 (1)

The electric field force is expressed into 

𝑓 = 𝑄
𝑈

𝑑
 (2)

The electric image force is 

𝑓 =
𝑄

16𝜋𝜀

1

(𝑑 − 𝑑 )
−

1

𝑑
 (3)

where Qs is the charge of test sample, and ε0 is the permittivity of vacuum. 

As illustrated in Fig. 2(b), the electric field forces acting on the test sample in horizontal direction could 

be respectively written into 

⎩
⎪
⎨

⎪
⎧𝑓 = 𝑄

𝑈

𝑑

𝑓 = 𝑄
𝑈

𝑑

 (4)

And the electric image forces in horizontal direction are respectively expressed into 

⎩
⎪
⎨

⎪
⎧𝑓 =

𝑄

16𝜋𝜀

1

𝑑 − 𝑑
−

1

𝑑

𝑓 =
𝑄

16𝜋𝜀

1

(𝑑 − 𝑑 )
−

1

𝑑

 (5)

In horizontal direction, the airgap between the positive electrode and the negative electrode is quite large, 

and the test sample is always suspended at the equilibrium position without considering the influence of 

gravity. Therefore, the electric field force is far greater than the electric image force in horizontal direction, 

and the relationship between electric field force and electric image force is expressed as following 

⎩
⎪
⎨

⎪
⎧𝑄

𝑈

𝑑
≫

𝑄

16𝜋𝜀

1

𝑑 − 𝑑
−

1

𝑑

𝑄
𝑈

𝑑
≫

𝑄

16𝜋𝜀

1

(𝑑 − 𝑑 )
−

1

𝑑

 (6)
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Therefore, the electric image forces fix and fiy are quite small, and they are neglected in the horizontal 

motion control of test sample in the electrostatic suspension system. 

However, for the motion control of test sample in the vertical direction, the gravity of test sample causes 

it to deflect from the equilibrium position such that a great displacement deviation possibly occurs, so the 

electric image force fiz must be considered in vertical motion control. 

Based on the above analysis about test sample in the electrostatic suspension system, the equations of 

motion of test sample in vertical and horizontal directions could be expressed as 

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝑚�̈� = 𝑄

𝑈

𝑑

𝑚�̈� = 𝑄
𝑈

𝑑

𝑚�̈� = 𝑄
𝑈

𝑑
+

𝑄

16𝜋𝜀

1

(𝑑 − 𝑑 )
−

1

𝑑
−𝑚𝑔

 (7)

where dx is the airgap between the mass center of test sample and the HV electrode in x axis, dy is the airgap 

between the mass center of test sample and the HV electrode in y axis. In the meanwhile, the accelerations in 

horizontal and vertical directions could be defined as 

𝑎 = �̈� , 𝑎 = �̈� , 𝑎 = �̈�  (8)

The vertical suspension control of test sample is chosen as the analysis example, and then the control 

voltages of vertical HV electrodes could be expressed as the terms of acceleration and displacement as 

following 

𝑈 =
𝑚𝑎 𝑑

𝑄
−

𝑄 𝑑

16𝜋𝜀

1

(𝑑 − 𝑑 )
−

1

𝑑
+
𝑚𝑔𝑑

𝑄
 (9)

Therefore, the control loop of test sample in the electrostatic suspension system could be divided into the 

control loop of displacement and the control loop of acceleration. In order to ensure the test sample suspends 

stably at the equilibrium position on the ground experiment, the accelerations along horizontal and vertical 

directions are setting to zero. 

 

2.3 Stable Suspension Conditions of Test Sample 

As the important parts in force analysis of test sample in the electrostatic suspension system, and 

equivalent stable suspension conditions of electric field force would be analyzed. The charge of test sample is 

calculated by following equation [25] 

𝑄 = 4𝐸𝐾𝜋𝜀 𝑟  (10)

where r is the radius of test sample, E is the electric field strength, and K is the influence coefficient of 

electrode shape for charge of test sample. 

At the initial suspension position, the electric field force should be equal to the gravity of test sample, so 

there is 

𝑓 = 𝛽𝑄 𝐸 = 𝑚𝑔 =
4

3
𝜋𝑟 𝜌𝑔 (11)
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where β is the influence coefficient of electrode shape for the surface charge distribution of test sample, and ρ 

is the density of test sample. 

Combining (10) and (11), the electric field strength and the charge of test sample should satisfy the 

following conditions to make the test sample stably suspend at the vertical equilibrium position, 

⎩
⎪
⎨

⎪
⎧

𝐸 =
𝜌𝑔𝑟

3𝐾𝜀 𝛽

𝑄 = 4𝜋
𝜌𝑔𝐾𝜀 𝑟

3𝛽

 (12)

And then the electric image force of test sample at initial suspension position is 

(1 − 𝛽)𝑄 𝐸 =
𝑄

16𝜋𝜀 𝑑
 (13)

The minimum airgap in vertical direction is 

𝑑 =
𝐾𝑟

4(1 − 𝛽)
 (14)

Therefore, the electric image force fiz decreases with the airgap between the center of mass and the below 

electrode in vertical direction. In addition, the charge of test sample at the equilibrium position would be 

quickly declined during the heating process, and then the electric field force will change rapidly with the 

varying charge of test sample. Moreover, the vibration and deflection of HV electrodes also affect the stable 

suspension status of test sample. Consequently, the test sample in the electrostatic suspension system is not 

self-sable, a closed-loop control system is needed to guarantee the stable suspension of test sample in the 

electrostatic suspension system. 

 

3 Control Scheme Design of Electrostatic Suspension System 

For the test sample in the electrostatic suspension system, the motion control along horizontal and 

vertical directions (x, y and z axis) are regarded as decoupled state. Therefore, the control loop of vertical 

suspension would be designed as like that in horizontal motion. In addition, since that the vertical motion of 

test sample is more complex than the horizontal motion considering the electric image force fiz and the gravity 

mg in the vertical direction, the control loop of vertical motion is chosen as the example in following design, 

simulation and experiment. 

 

3.1 ADRC Model of Electrostatic Suspension System 

The ADRC model for the vertical motion of test sample is illustrated in Fig. 3, and it consists of three 

parts including the tracking differentiator (TD), the extended state observer (ESO) and the linear state error 

feedback (LSEF) control model. The TD could reconcile the contradiction between the fast response speed 

and the great overshoot by transferring the reference input into the gradual variable input. For the purpose of 

position control and vibration control for test sample, the whole control scheme has two control loops with a 
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displacement control loop in blue block diagram and an acceleration control loop in red block diagram. To 

realize the stable suspension of test sample without vibration, the reference input of acceleration control loop 

is set to zero on the ground experiments in this article. 

 
Fig. 3. The control scheme of test sample in the electrostatic suspension system. 

 

3.2 The Displacement Control Loop of Test Sample 

 
Fig. 4. The displacement control loop of test sample in the electrostatic suspension system. 

 
For the displacement control loop of test sample in the electrostatic suspension system in Fig. 4, the 

reference displacement signal dr is converted into the displacement control signal d1 and the displacement 

differential signal d2 through the displacement tracking differentiator TDd. The ESO could achieve the 

observed value of output displacement zd1, the observed value of velocity zd2 and the observed value of system 

disturbance zd3. Furthermore, the displacement error ed1 and the velocity error ed2 are transformed into the 

displacement control signal ud by the LSEFd in the displacement control loop.  

For the displacement control loop shown in Fig. 4, the displacement tracking differentiator TDd is 

designed as 

�̇� = 𝑑

�̇� = 𝑑

�̇� = −𝑝 {𝑝 [𝑝 (𝑑 − 𝑑 ) + 3𝑑 ] + 3𝑑 }

 (15)

where pd is the control parameter of displacement tracking differentiator TDd. 

The ESO not only observes the system sates of electrostatic suspension system, but also observes the 

system disturbance including the disturbance terms and the parameter uncertainty. Therefore, an extra state 

observation is added to observe the ‘total’ disturbances, and ESO is designed as following 
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𝑒 = 𝑧 − 𝑑
�̇� = 𝑧 − 𝛽 𝑒

�̇� = 𝑧 − 𝛽 𝑒 + 𝑏 𝑢
�̇� = −𝛽 𝑒

 (16)

where b0 is the gain of control voltage, βi=1,2,3 are the control coefficients of ESO, and they could be chosen as 

following 

𝛽 = 3𝜔

𝛽 = 3𝜔

𝛽 = 𝜔

 (17)

where ωeso is the bandwidth of ESO.  

The model of LSEFd in displacement control loop is chosen as 

⎩
⎪
⎨

⎪
⎧

𝑒 = 𝑑 − 𝑧
𝑒 = 𝑑 − 𝑧

𝑒 = 𝑒 𝑑𝜏

𝑢 = 𝑘 𝑒 + 𝑘 𝑒 + 𝑘 𝑒

 (18)

where kpd is proportional coefficient of LSEFd, kia is integral coefficient of LSEFd, and kdd is derivative 

coefficient of LSEFd.  

 

3.3 The Acceleration Control Loop of Test Sample 

 
Fig. 5. The acceleration control loop of test sample in the electrostatic suspension system. 

 
For the acceleration control loop of test sample in the electrostatic suspension system as illuminated in 

Fig. 5, besides an acceleration tracking differentiator TDa, an feedback tracking differentiator TDf in the 

feedback loop could get the micro gravity signal of test sample. The tracking differentiator TDa is designed as 

following 

�̇� = 𝑎
�̇� = 𝑎

�̇� = −𝑝 {𝑝 [𝑝 (𝑎 − 𝑎 ) + 3𝑎 ] + 3𝑎 }
 (19)

where pa is the coefficient of TDa, and the feedback tracking differentiator TDf is 

�̇� = 𝑧
�̇� = 𝑧

�̇� = −𝑝 {𝑝 𝑝 (𝑧 − 𝑎 ) + 3𝑧 + 3𝑧 }
 (20)

where pf is the coefficient of TDf. 

The model of LSEFa in acceleration control loop is 

𝑒 = 𝑎 − 𝑧
𝑒 = 𝑎 − 𝑧

𝑢 = 𝑘 𝑒 + 𝑘 𝑒
 (21)
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where kpa is proportional coefficient of LSEFa, and kda is derivative coefficient of LSEFa. 

The compensation function for disturbance in the ESO is 

𝑢 = −
1

𝑏
𝑧  (22)

Therefore, the synthesized control signal of electrostatic suspension system is 

𝑢 = 𝑢 + 𝑢 + 𝑢  (23)

Finally, the control output is amplified by the HVA and the HVPS to drive the HV electrodes generate 

electric field forces, and then control the stable suspension of test sample in the electrostatic suspension 

system, and the amplification coefficient ka of the HVPS is 3000 in the vertical motion control. 

 

4 Simulation 

In the simulation part, the suspension traces of test sample with different control models are compared, 

and the overshoot and the settling time are used to evaluate the control performances of electrostatic 

suspension system with different control methods. 

 

4.1 Electric Field Force and Electric Image Force 

 
(a) 

 
(b) 

Fig. 6. (a) The electric field force in vertical direction, (b) the electric image force in vertical direction. 
 
In the electrostatic suspension system, the relationship among the electric field force fez, the airgap of 

vertical HV electrodes dzn and the control voltage of vertical HV electrodes Uz are shown in Fig. 6(a), the 

electric field force is linear to the control voltage of vertical HV electrodes, and decreases with the airgap of 

vertical HV electrodes. In addition, the relationship between the electric image force fiz and the displacement 

dz of test sample is depicted in Fig. 6(b). The electric image force rapidly increases to a huge value when the 

test sample approaches to the top electrode or the below electrode in vertical direction. In the normal 

suspension range, the electric image force increases with the airgap between the test sample and the vertical 

HV electrode. Therefore, if there is no electric field force acting on the test sample, it will drop to the below 

electrode because of the gravity and the electric image force. 
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4.2 Suspension Precision of Test Sample 

The initial position of test sample sets at 2.815mm in vertical direction, and then the suspension 

experiment of test sample is conducted. A step displacement signal shown by dotted line is used as the 

reference signal to make the test sample suspends at vertical equilibrium position in Fig. 7. The test sample is 

stably suspended at vertical equilibrium position when the displacement approaches to zero. For the 

suspension traces of test sample as illustrated in Fig. 7(a), and the settling time of suspension trace with PID 

model is 0.6s, and the overshoot is about 1.2mm. The suspension traces for the random disturbance with 

amplitude 0.05mm are plotted in Fig. 7(b), the root mean square (RMS) value of suspension trace with PID 

model is 0.1108mm, and that of the ADRC model is 0.0058mm. 

When the test sample is stably suspended at the vertical equilibrium position, an impulse-type 

disturbance with 15% of test sample’s gravity is imposed on it, and the response curves of test sample are 

plotted in Fig. 7(c). For the PID model, the settling time back to the equilibrium position is 0.3s, and the 

overshoot is 0.28mm. For the ADRC model, the settling time is shortened into 0.1s, but the overshoot 

increases to 0.32mm. 

Therefore, as the comparison results listed in TABLE. I, the ADRC model for the electrostatic 

suspension system has a better performance on suppressing the disturbance by decreasing the settling time. 

Even though the overshoot amplitude would be intensified, the amplitude is still restrained in the stable region 

of electrostatic suspension system. 

 
(a) 

 
(b) (c) 

Fig. 7. Suspension traces of test sample in vertical direction, (a) static suspension in vertical direction, (b) suspension traces with 
random-type disturbance, (c) suspension traces with impulse-type disturbance. 

 
TABLE. I. Performances of PID and ADRC models in simulation 

 PID model ADRC model 

 overshoot (mm) settling time (s) RMS (mm) overshoot(mm) settling time (s) RMS (mm) 

suspension traces 1.2 0.6  0.1 0.1  
random disturbance   0.1108   0.0058 
Impulse disturbance 0.28 0.3  0.32 0.1  

 

4.3 Control Voltages of HV Electrodes 

In addition, the curves of control voltage with different control models are plotted in Fig. 8, and the 

amplification coefficient of HVPS is 3000 in the control channel of vertical suspension. For the random 

disturbance, the control voltages of HV electrodes are depicted in Fig. 8(a), the overshoot of control voltage 

with PID model is smaller than that of the ADRC model, but the steady-state control voltage of the PID model 
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(RMS=0.0735) is obviously greater than the ADRC model (RMS=0.0235). In addition, for the response curve 

of impulse-type disturbance in Fig. 8(b), the overshoot of control voltage with PID model is about 

1.99(×3000V), but that of the ADRC model is about 1.1(×3000V). Therefore, the ADRC model could 

suppress the overshoot in the control voltage when the electrostatic suspension system is suffered from the 

external disturbance. 

 
(a) 

 
(b) 

Fig. 8. (a) The control outputs of PID and ADRC models for random-type disturbance, (b) the control outputs of PID and ADRC models 
for impulse-type disturbance. 

 

4.4 Tracking Performance of Displacement Control Loop 

The output terms of ESO with different disturbances in the displacement control loop of electrostatic 

suspension system are plotted in Fig. 9. For the random disturbance, the estimated value (RMS) of vertical 

displacement zd1 is 0.0057mm, and estimation error is 0.0178mm. Moreover, for the impulse disturbance, the 

overshoot value of vertical displacement zd1 is 0.39mm, and estimation error is 0.07mm. Compared to vertical 

displacement in Fig. 7(c), the relative error is about 17%. Therefore, the simulation result indicates that ESO 

could accurately estimate the displacement feedback terms zd1 and zd2 in vertical direction. 

 
(a) 

 
(b) 

Fig. 9. (a) The ESO outputs for a random-type disturbance, (b) the ESO outputs for an impulse-type disturbance. 
 

5 Experiment 

5.1 Experimental Setup 

The experimental setup of electrostatic suspension system is illustrated in Fig. 10. The whole 

electrostatic suspension system is placed in a sealed container to minimize disturbances from external 

environment. The test sample and three pairs of HV electrodes are in the center of sealed container. The two 
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pairs of cameras are formed into the binocular vision system to measure the displacement variation of test 

sample, and then the displacement signals are feedbacked to the MCU based on SoC chip and GPU chip. The 

control signals are generated by the MCU, and the control voltages of HV electrodes would be regulated to 

realize the active suspension control of test sample through the HVPS. The silicon carbide ball is chosen as the 

test sample in the suspension experiment. Those relative parameters of the electrostatic suspension system are 

listed in TABLE. II.  

The control parameters (pd, pa and pf) in the tracking differentiators TDd, TDa and TDf are used to 

generate the transition signals of acceleration and displacement, and the control parameters pd, pa and pf could 

not cause serious influences to the static and dynamic characteristics of test sample in the electrostatic 

suspension system. Moreover, the parameter setting about pd, pa and pf could be referred to the PD control 

model. According to the procedures of parameter tuning about the LSEF in Fig. 11, the control parameters of 

ADRC model are listed in TABLE. III. 

 
Fig. 10. The electrostatic suspension system. 

 
Fig. 11. Parameter tuning of ADRC model in electrostatic suspension system. 

TABLE. II. Parameters of electrostatic suspension system 

Symbol Quantity Value 

dz minimum airgap of vertical HV electrode 1.69mm 
dzn maximum airgap of vertical HV electrode 8mm 

dx minimum airgap of horizontal HV electrode 2.64mm 

dxn maximum airgap of horizontal HV electrode 30mm 

 amplification of horizontal HV electrode 1000 

 amplification of vertical HV electrode 3000 

ε0 permittivity of vacuum 8.8510-12C2/(Nm2) 

Q charge of test sample 2.6410-10C 

r radius of test sample 1.185mm 

ρ density of test sample 3.2g/cm3 

m mass of test sample 0.0125g 

K coefficient of electrode shape for charge 1.64 

β coefficient of surface charge distribution 0.8 

Step1: chosen the bandwidth of ESO ωeso 
Criterion: the bandwidth increases with disturbance frequency, but a large bandwidth 
would make output has fluctuation for low-frequency disturbance. 

 
Step2: chosen the gain of control voltage b0 
Criterion: the great gain of control voltage could suppress the fluctuation caused by 
the bandwidth of ESO but would decrease the compensation term for disturbance. 

 
Step3: chosen proportional coefficient kpd and derivative coefficient kdd of LSEFd 
Criterion: with certain values ωeso and b0, the great values of proportional coefficient 
and derivative coefficient of LSEFd would make the output fluctuate. 
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TABLE. III. PARAMETERS OF CONTROL SYSTEM 

Symbol Quantity Value 

pd control coefficient of TDd 10 
pa control coefficient of TDa 10 

pf control coefficient of TDf 10 

bi gain of control voltage 3000 

β1 control coefficient of ESO 350 

β2 control coefficient of ESO 92795 

β3 control coefficient of ESO 398241 

kpd proportional coefficient of displacement loop 0.7 

kid integral coefficient of displacement loop 0.04 

kdd derivative coefficient of displacement loop 0.018 

kpa proportional coefficient of acceleration loop 1.967 

kda derivative coefficient of acceleration loop 0.021 

ωeso bandwidth of ESO 10Hz 

 simulation frequency  1000Hz 

 control frequency 100Hz 

 

5.2 Suspension Trace of Test Sample in Vertical Direction 

(a) (b) 

 
(c) 

Fig. 12. (a) The suspension traces of test sample in vertical direction, (b) comparison of the overshoot and the settling time, (c) the 
steady-state suspension traces in vertical direction. 

 

 
(a) (b) 

 
(c) 

Fig. 13. (a) The control voltages during suspension process, (b) comparison of control voltages during suspension process, (c) control 
voltages during steady-state suspension. 

 
In this part of experiment, the test sample (initial position is 2.815mm in vertical direction) is levitated to 

the equilibrium position by the electric field forces of HV electrodes in vertical direction. The suspension 

traces of test sample are plotted in Fig. 12(a) to compare control performances of different models, the blue 

line is the suspension trace of test sample with the PID model, and the red line presents the suspension trace of 

test sample with the ADRC model. This result indicates that the test sample could be suspended at the vertical 

equilibrium position with two control models. In addition, the settling time and overshoot of suspension traces 

are shown in Fig. 12(b). For the PID model, the settling time is about 3.62s, and the overshoot is 1.02mm. For 

d
z(m

m
)

d
z(m

m
)

U
(x

3
00

0
V

)
U

(x
3

00
0

V
)



 

14 

 

the ADRC model, the settling time and the overshoot are close to zero. Moreover, the steady-state suspension 

of test sample are plotted in Fig. 12(c), the root mean square (RMS) value is used to evaluate the steady-state 

suspension precision, and a smaller RMS value presents a higher steady-state suspension precision. The RMS 

value of PID model is 0.0122mm, and that of ADRC model is 0.0109mm. This comparison result of 

suspension traces implies that the ADRC model could reduce the settling time and the overshoot during the 

suspension process of test sample in the electrostatic suspension system. 

In the meanwhile, the control voltages of HV electrodes are displayed in Fig. 13(a) during the vertical 

suspension process of test sample. For the PID model, the overshoot is about 1.68(×3000V), and the settling 

time is 2.35s as shown in Fig. 13(b). For the ADRC model, the overshoot is 0.48(×3000V). Furthermore, as 

shown in Fig. 13(c), for the control voltages during the steady-state suspension of test sample, the RMS of PID 

model is 0.0912(×3000V), and that of ADRC model is 0.0571(×3000V) 

As similar as the suspension traces in vertical direction, the ADRC model could reduce the overshoot and 

the settling time of control voltages during the suspension process, and the steady-state precision of control 

voltage is improved about 76%. Therefore, the ADRC model would cause less influence on the HVPS than the 

PID model, and then the reliability of electrostatic suspension system is enhanced. 

 

5.3 Tracking Performance of Test Sample in Vertical Direction 

 
(a) 

 
(b) 

Fig. 14. (a) The ESO output during suspension process in vertical direction, (b) the error between estimated value and real value. 
 
The ESO outputs are also recorded in this suspension experiment to evaluate the tracking performance of 

the ADRC model. As shown in Fig. 14(a), the first figure is the estimated value of test sample’s displacement 

in vertical direction, and the errors between the estimated value and the reference input are plotted in Fig. 

14(b). The maximum error 0.67mm occurs at the initial suspension position, and the steady-state error is about 

0.0142mm as shown in first figure in Fig. 14(a). The middle figure in Fig. 14(a) is the estimated value of 

differential signal of vertical displacement, and it is always kept at the balanced status before the test sample is 

levitated to the equilibrium suspension position. The below figure in Fig. 14(a) shows the estimated value of 

control voltage, and the estimated value has good tracking performance for the reference control voltage. The 

error curve between the estimated value and the real value of control voltage is shown in the below figure of 
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Fig. 14(b), the maximum error is 0.84(×3000V) at the initial suspension position, and the error of control 

voltage during the steady-state suspension is 0.0339(×3000V). Therefore, the ESO could accurately track the 

displacement and control voltage of the electrostatic suspension system. 

 

5.4 Disturbance Rejection Performance of Test Sample in Vertical Direction 

When an impulse-type disturbance (amplitude is 15% of test sample’s gravity) is imposed on the test 

sample at the equilibrium suspension position, the suspension traces of test sample are plotted in Fig. 15(a). 

For the PID model, the overshoot of suspension trace is 1.54mm and the settling time back to the equilibrium 

suspension position is 1.26s. Moreover, for the ADRC model, the overshoot is 1.11mm with the settling time 

0.59s. The control voltages for the impulse-type disturbance are measured and plotted in Fig. 15(b). The 

overshoot value of control voltage with PID model is 2.63(×3000V), and that of the ADRC model is 

1.84(×3000V), so the relative reduction is 30%. 

Therefore, as listed in TABLE. IV, the comparisons about suspension traces and control voltages for the 

impulse-type disturbance indicate that the ADRC model could quickly force the test sample back to the 

equilibrium suspension position with small overshoot and short settling time. In the meanwhile, the control 

voltages of HV electrodes are controlled well with small oscillation and pulse. 

 
(a) 

 
(b) 

Fig. 15. (a) The suspension traces with impulse-type disturbance, (b) the control voltages of HV electrodes for impulse-type disturbance. 
 

TABLE. IV. Performances of PID and ADRC models in experiment 

 PID model ADRC model 

 overshoot (mm) settling time (s) RMS (mm) overshoot (mm) settling time (s) RMS (mm) 

suspension trace 3.62 1.02 0.0122 0.1 0.1 0.0109 
impulse disturbance 1.54 1.26  1.11 0.59  

 

6 Conclusion 

The vertical motion control of test sample in the electrostatic suspension system is easily affected by the 

gravity, the variable electric image force and the external disturbances acting on the HV electrodes. Therefore, 

the ADRC model combining with a displacement control loop and an acceleration control loop is designed for 

the suspension control of test sample in the electrostatic suspension system. When the random and impulse 

disturbances are imposed on the test sample, the simulation and experimental results indicate that the ADRC 

model has good performance on disturbance attenuation by reducing the overshoot and the settling time. 
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Therefore, this research would be applied into the material testing using the electrostatic suspension system to 

improve the suspension stability of test sample and reduce impact on the HV electrodes. 
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