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ABSTRACT In industrial high precise grinding process for complicated workpiece surface, traditional 

robotic systems based on rigid-body assumptions ignore arm elastic vibrations, lacking effective flexible 

control. Nonlinearities, parameter deviations and elastic deformations cause 0.1mm errors, failing precision 

demands. This paper proposes a rigid-flexible coupling grinding system with sliding mode ADRC(SMC-

ADRC). The macro-micro structure uses flexure hinges to overcome friction and filter disturbances, with a 

servo-driven lead-screw for large strokes, which realizes large stroke, high precision and high response speed. 

SMC-ADRC integrates sliding surfaces into ADRC, with TD, LESO and sliding mode control for robustness. 

Simulations show SMC-ADRC outperforms APID and ADRC, with 0.08s settling time under disturbances. 

Experiments on aluminum and marble achieve 0.5N force accuracy(35-65N), 800μm displacement precision, 
<50ms convergence, and Ra=0.21μm roughness. The force-position mechanical and electrical control 

integration precision scheme meets high-precision grinding needs. 

INDEX TERMS force-position control, rigid-flexible coupling, sliding mode ADRC, grinding  

I. INTRODUCTION 

In the manufacturing processes of sanitary ware, furniture, 

hardware, and other products, grinding[1] is a critical yet 

challenging process. Force control in robotics[2] also 

constitutes a major component of motion control. 

Coexisting robots involve human-robot interaction, where 

flexible control varies significantly across different 

operational targets. Existing robotic operating systems 

primarily rely on motion interpolation control based on 

rigid-body assumptions[3], neglecting elastic vibrations in 

robotic arms and lacking effective flexible control modules 

for constant-force grinding/polishing and human-robot 

interaction. Robots are typical nonlinear time-varying 

systems[4]. While control techniques[5] can compensate 

for nonlinearities, model parameter deviations, joint 

reducer backlash, contact nonlinearities, and elastic 

deformations in robotic arms degrade control accuracy. The 

comprehensive end-effector error of 6-DOF serial 

mechanisms typically reaches 0.1mm, failing to meet 

increasingly precise operational demands. 

Researchers have extensively studied industrial robots for 

automated grinding and methods to improve grinding 

efficiency and quality. Many studies indicate that the 

flexibility of manual grinding is key to achieving optimal 

results. To replicate this flexibility in robotic grinding, 

constant-force control is essential. Scholars have enhanced 

flexibility by integrating macro-micro or rigid-flexible 

coupling mechanisms between industrial robot flanges and 

grinding wheels. In Ma’s work[6], a 3-legged Prismatic-

Prismatic-Spherical(3PPS) parallel manipulator is 

proposed for the development of a dexterous 3DOF force-

controlled end-effector module. Literature [7] presented a 

passive wrist system to adapt the shape of the machining 

curved surface by changing its posture along with the 

surface. Li et al.[8] proposed a novel contact force plan and 

control method of robotic grinding by taking the accurate 

material removal at different position of the workpiece as a 

direct target. The contact force is planned in order to 

guarantee material removal requirement at different point 

of the workpiece. In order to track the planned force with 

the two degrees of freedom (DOF) smart end-effector, a 2-

DOF force-position hybrid control algorithm is proposed. 

YU et al.[9] developed a robotic polishing system with a 

new active end-effector. Validation experiments are 

conducted with the designed robotic polishing system on a 

complex PMMA part. Liu et al.[10] presented the design 

and optimization of a variable stiffness mechanism with 

constant output forces. However, these mechanisms not 

only increase system complexity but also rely primarily on 

rigid component designs, which generate high-frequency 
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vibrations during the grinding process a characteristic 

particularly unfavorable for control system design.  

High-precision motion platforms are widely used in the 

field of precision processing. The macro-micro composite 

motion platform is widely used in the design of the above-

mentioned large-stroke high-precision motion platform. In 

a typical macro-micro compound motion platform, the 

flexible hinge can effectively solve the friction dead zone 

problem and has the advantage of significantly improving 

positioning accuracy. Therefore, the micro-motion 

platform often adopts the design scheme based on the 

flexible hinge. In literature [11], a rigid-flexible coupling 

motion stage is invented, which uses the elastic 

deformation of flexure hinges to compensate the friction 

dead zone. Furthermore, the high-frequency disturbance of 

the friction is transformed into the low-frequency elastic 

deformation. The PlD control and the ADRC designed with 

eight different extended state observers (ESO) are 

rigorously compared.  

The efficacy of grinding systems is profoundly influenced 

by advanced control algorithms. Scholars have conducted 

multidimensional investigations into algorithms achieving 

precision, speed, and compliance, with enhanced PID 

variants being prominently adopted. Lubna Farhi et al.[12] 

proposed a PID learning controller for rigid robotic disk 

grinding mechanism. The grinding forces errors, end-

effector path tracking error, external interferences can be 

mitigated via efficient feedback. In order to improve the 

force tracking accuracies of the developed compliant end-

effector, Chen et al.[13] designed a PI controller with first-

order differential force feedforward control. Dong et al.[14] 

presented excellent effectiveness and stabilization for 

pneumatic polishing force control. The PID controller with 

moving average filter applied in the system can eliminate 

the influence of external factors and reduce the 

phenomenon of the force descending during the polishing 

tool moving. Cheng et al.[15] designed and developed a 

position-force decoupled polishing system based on a 

pneumatic force servo. The PID controller is implemented 

and experimentally tested in the polishing system. The 

effective application of PID control in sophisticated 

grinding operations necessitates dynamic parameter tuning 

contingent upon workpiece stiffness characteristics, surface 

geometric accuracy, and evolving process specifications. 

Conventional robotic design paradigms, grounded in multi-

rigid-body models, inherently joint/link elasticity cannot be 

neglected. Practical implementations reveal that high-speed 

operation-induced joint clearance and elastic deformation 

superposition generates at least 0.1 mm systemic errors. 

Our methodology confronts these flexibility-induced end-

effector deviations through novel flexible joint parameter 

identification and hybrid compensation combining rigid-

flexible dynamics modeling with online parameter 

identification. Active Disturbance Rejection Controller 

(ADRC) has the advantages of fast response speed, small 

overshoot, high steady-state accuracy, and wide speed 

regulation range[16], [17], [18], [19], and it has strong 

robustness against system disturbances. Aiming at the 

problem that the normal force is easy to overshoot in the 

impact stage, Xiao et al.[20] used the active disturbance 

rejection control to plan the grinding force, and the 

reference force of the robot under ideal state is designed, 

and the speed of the robot is adjusted according to the error 

of actual contact force and reference force. To address time 

delay problem in the aero-engine blade grinding system, 

Shen[21] combines the improved Smith prediction 

algorithm with active disturbance rejection control 

(ADRC) to propose the filter Smith-ADRC control 

algorithm, which has good control effect and stability. 

Pazderski[22] combines the ADRC algorithm with the 

gradient adaptation law to online identify the unknown 

parameters of the plant. Parameter Identifying Disturbance 

Rejection Control (PIDRC) algorithm that uses the PIESO 

to adaptively estimate the state of the plant. Peng et al.[18] 

proposes a ball screw driven rigid-flexible coupling (RFC) 

stage to compensate for the friction dead zone by the 

flexure hinges. The frequency domain analysis shows that 

the friction is converted into elastic deformation of the 

flexure hinges. In addition, an active disturbance rejection 

control (ADRC) is designed to cancel the flexure hinges 

vibration and maximize the RFC stage performance. ADRC 

is a model-independent control algorithm renowned for its 

exceptional disturbance rejection capabilities. However, 

there remains a notable research gap: no existing literature 

has yet explored the application of ADRC algorithms to 

rigid-flexible coupling actuators in complex grinding 

scenarios. 

This paper proposes a rigid-flexible coupled force-position 

hybrid grinding system based on mechanical structure 

design and sliding mode ADRC[23]. The system 

incorporates force sensors into the grinding device to 

enable real-time grinding force detection and adaptive 

stroke adjustment, achieving constant-force control during 

operation. On the other hand, by introducing sliding 

surfaces into the ADRC framework(SMC-ADRC), the 

system demonstrates excellent robustness against 

environmental disturbances, rapidly converging to sliding 

surfaces and maintaining stable operation along them to 

equilibrium points, thereby realizing fast and precise force-

displacement control. Thirdly, through simulation 

experiments, the system's robustness was verified under 

various input signals and disturbance conditions. 

Comparative experiments with conventional Adaptive PID, 

ADRC and SMC-ADRC on constant-force grinding 

devices were conducted to evaluate response speed, 

grinding efficiency, and surface quality. The results 

demonstrate that the proposed system achieves constant-

force control within 35-65N range with 0.5N accuracy, 

800μm displacement precision, convergence time below 

50ms, and surface roughness of Ra=0.21μm. 
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In this paper, section 1 provides a comprehensive literature 

review on complex curved surface grinding technologies, 

analyzing existing methodologies and identifying key 

challenges in the field. Section 2 details the mechanical 

design of the proposed rigid-flexible coupled force-position 

hybrid grinding system, focusing on its structural 

innovations and operational principles. Section 3 presents 

the system modeling approach and introduces a sliding-

mode linear ADRC algorithm. This control strategy 

leverages the rapid and precise response characteristics of 

the rigid-flexible coupling mechanism to achieve accurate 

force-position control under complex disturbances. Section 

4 evaluates the grinding system through simulation 

experiments, assessing its robustness, response time, and 

control precision under various operational conditions. 

Section 5 conducts field tests on complex workpieces, 

comparing the grinding efficiency and surface quality 

between conventional pneumatic grinding heads and the 

proposed system. Section 6 summarizes the key findings 

and contributions of this work, while outlining potential 

directions for future research in precision grinding 

technology. 

II. STRUCTURAL DESIGN OF THE RIGID-FLEXIBLE HYBRID 
FORCE/POSITION GRINDING SYSTEM 

The rigid-flexible force/position integrated grinding device 

employs a base frame as its structural foundation. A servo 

motor is mounted on the base, whose rotational motion drives 

a leadscrew. A leadscrew nut, installed on the leadscrew, 

converts the rotary motion into linear displacement. A sleeve 

adapter block is attached to the leadscrew nut, supporting a 

flexible work platform. Consequently, the reciprocating 

rotation of the servo motor enables precise linear motion of the 

flexible work platform. The flexible work platform features 

mounting holes, allowing the grinding head to be securely 

installed. A transition plate is fixed to the bottom of the base 

frame. Through its mounting holes, the entire rigid-flexible 

force-controlled grinding device can be mounted onto a fixture 

for operational stability. The design of the end effector is 

shown in fig.1. 

 
 

 

FIGURE 1. Design of the Rigid-Flexible Hybrid Force/Position Grinding 
End Effector. 

 

The flexible work platform of the rigid-flexible hybrid 

force/position grinding device is connected to the motion 

platform through flexure hinges, while linear guides mounted 

on the base enable large-stroke linear motion of the motion 

platform, thereby achieving macro-positioning of the device. 

However, during micro motion operations, friction exists 

between the leadscrew and sleeve as well as between the 

sliding rails and rigid platform, and this friction is difficult to 

model precisely. The elastic deformation of flexure hinges can 

overcome this micro-motion friction, enabling precise motion 

control of the device. Moreover, the elastic deformation of 

flexure hinges can filter high-frequency external disturbances, 

thereby simplifying the frequency-domain control challenges 

of the system. 

The gravity sensor is fixed on one side of the flexible work 

platform through a connection block. When the grinding head 

processes the workpiece, the contact grinding force is 

measured by the force sensor, which consists of a variable 

resistor (with a linear relationship between force and 

resistance value) and three other fixed resistors forming a 

bridge circuit, also known as a strain gauge. The control board 

reads the pressure value through A/D conversion and transmits 

it to the host computer via RS485 bus. Simultaneously, the 

servo motor control module transmits position data to the host 

computer through another channel of RS485 bus. Therefore, 

this system can achieve real-time precise control of both 

grinding force and displacement during the grinding process. 

III. SLIDING MODE ADRC FOR FORCE-POSITION 
CONTROL 

A servo motor-driven rigid-flexible coupled linear motion 

grinding end effector is mounted on the 6th axis flange of the 

industrial robot. This mechanism adopts a macro-micro 

combined rigid-flexible coupling structure, where the servo 

motor drives the flexible work platform through a lead screw, 

and the flexible work platform uses six micro-deformation 

plates to drive the rigid work platform sliding on the guide 

rails. 

A pneumatic rotary grinding wheel is installed on the flexible 

platform of the rigid-flexible coupled linear motion grinding 

end effector. When the industrial robot executes the grinding 

trajectory, the pneumatic rotary grinding wheel rotates at high 
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speed to grind the workpiece surface. A force sensor is 

installed between the flexible platform and rigid platform to 

detect the contact force between the rigid-flexible coupled 

linear motion grinding end effector and the workpiece during 

grinding. The constant force control range of the rigid-flexible 

coupled linear motion grinding end effector can be set to any 

value between 5N-50N. After setting the target grinding force 

in the controller of the rigid-flexible coupled linear motion 

grinding end effector, the end effector can compare the real-

time detected force from the sensor with the set grinding force 

to control the feed of the servo motor. During the grinding 

process of the industrial robot, this enables the implementation 

of constant force-disposition composite control on the 

machined surface. 

iKrK

iCrC

eK

eC

iMrM Rigid 

Frame
Flexure 

Hingers

Motor End iXrX aF
Workpiece

Load End

 

FIGURE 2. Dynamic modeling of the robot and end effector. 

Within a constrained environment, ensuring the maintenance 

of appropriate interaction forces with the workpiece while 

executing compliant motion. A position-based dynamic 

equation is developed in this study to achieve dynamic 

tracking control of the desired contact force by regulating the 

robot’s grinding and polishing forces. The model incorporates 
essential parameters, including stiffness, damping, and inertial 

components. The dynamic interaction between the controlled 

manipulator and the environment is effectively represented by 

a mass-damping-spring system. As a result, the contact model 

between the rigid-flexible robotic system and the environment 

is characterized as a second-order spring system, as depicted 

in Fig.2. 

According to fig.2, the dynamic model of the industrial robot 

and the rigid-flexible coupled linear motion grinding end 

effector can be expressed by equation (1)： 

Md(Ẍd-Ẍr)+Bd(Ẋd-Ẋr)+Kd(Xd-Xr)=-(Fe-Fr) (1) 

where ܯௗ、ܤௗ  and ܭௗ represent the mass coefficient matrix, 

damping coefficient matrix, and stiffness coefficient matrix of 

the rigid-flexible coupled linear motion grinding end effector, 

respectively. Xd  and Xr denote the actual environmental 

position matrix and desired environmental position matrix, 

while Fe and Frcorrespond to the actual contact force matrix 

and desired contact force matrix when the end effector 

interacts with the environment. 

After Lyapunov transformation, the transfer function can be 

expressed as (2): (ݏ)ܧ߂ = −௱ி(௦)ெ೏௦2+஻೏௦+௄೏ (2) 

where ΔE(s) = X(s) − Xr(s), ΔF(s) = Fe(s) − Fr(s). 

 

A. TRACKING DIFFERENTIATOR(TD) 

The Tracking Differentiator (TD) serves in the front part of 

Active Disturbance Rejection Control (ADRC). It provides 

derivative estimates without direct differentiation that avoids 

noise amplification, and introduces deliberate phase lag to 

maintain causality, so TD generates smooth, noise-resistant 

reference signals. Moreover, TD enables acceleration 

feedforward through extracted higher-order derivatives so it 

can enhance the transient performance. Thirdly, TD allows 

independent tuning of response speed (via speed factor R) and 

noise attenuation to promote the decoupling of the control 

system. We need to generate a smooth estimates for reference 

trajectory Xr  and its differential signal. A second-order TD 

described in (3) is designed. {̇1ݒ = 2ݒ2̇ݒ = 1ݒ)2ݎ− − ܺ௥) −  (3) 2ݒݎ2

where v1 traces Xr, v2 is the differential estimation of Xr. The 

increasing of r improves tracking speed but may amplify 

measurement noise. The characteristic equation of (3) is s2 +2rs + r2 = 0, whose root is s = −r(repeated root) assuring 

fast tracking without overshoot. 

B. LINEAR EXTENDED STATE OBSERVER (LESO) 

LESO simultaneously estimates the position, velocity states of 

the system. It observes the total disturbance including the 

internal model uncertainties and external disturbances. By 

treating nonlinearities and cross-couplings as part of the total 

disturbance and transforming the system into a cascaded 

integral form for simplified control design, LESO realizes 

dynamic linearization. Through the proper choice of observer 

bandwidth ωo , LESO compensates abrupt disturbances and 

noises. According to (1), we estimate the total system 

disturbance (including unmodeled dynamics and external 

forces) and reformulate the original system into state-space 

form as (4). 

1ݔ̇} = 2ݔ2̇ݔ = 3ݔ + 3ݔ̇ݑ0ܾ = ,1ݔ)݂ ,2ݔ  (4) (ݓ

where x1 = e, x2 = ė, x3  is the total disturbance, b0 = 1/Md, f is disturbance dynamics．Then we design 3-order ESO 

as (5). 

1ݖ̇} = 2ݖ + ݁)1ߚ − 2ݖ̇(1ݖ = 3ݖ + ݁)2ߚ − (1ݖ + 3ݖ̇ݑ0ܾ = ݁)3ߚ − (1ݖ  (5) 

According to the bandwidth method, with the observer 

bandwidth set as ωo, the gains are determined as: 1ߚ = 3߱௢, 2ߚ = 3߱௢2, 3ߚ = ߱௢3 (6) 
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The observer gains are designed to ensure the characteristic 

equation of observation error dynamics satisfies:(s + ωo)3 =0, thereby guaranteeing exponential convergence. 

C. DESIGN OF SLIDING SURFACE 

A sliding surface s is constructed to enforce system state 

convergence to s=0, stabilizing the error dynamics. We define 

displacement error e = Xd − Xr, velocity error ė = Ẋd − Ẋr, 

accelerated velocity error ë = Ẍd − Ẍr . Combined with 

second-order dynamic characteristics of the system, the 

integral sliding mode surface is chosen: ݏ = ݁̇ + ߣ) ݁ߣ > 0) (7) λ is the slope of the sliding mode surface, which can adjust the 

dynamic response speed and robustness. The original dynamic 

equation is substituted to ë, we get:  ܯௗ݁̈ + ௗ݁̇ܤ + ௗ݁ܭ =  (8) ܨ߂−

After modulation, we get: ݁̈ = − 1ெ೏ ௗ݁̇ܤ) + ௗ݁ܭ +  (9) (ܨ߂

D. NONLINEAR STATE ERROR FEEDBACK(NLSE) AND 
SLIDING MODE CONTROL LAW DESIGN 

The Nonlinear State Error Feedback (NLSEF) in ADRC 

enhances transient performance by combining nonlinear error 

processing with adaptive disturbance rejection. By 

synergizing with the LESO, NLSEF compensates residual 

disturbances beyond LESO’s bandwidth, providing >15dB 

better high-frequency (>100Hz) disturbance attenuation. The 

nonlinear feedback structure tolerates partly parameter 

uncertainties and operates stably dynamic ranges. This allows 

microsecond-level computation suitable for high-speed 

applications while maintaining sub-micron tracking accuracy 

in precision motion systems. Combing the sliding surface 

design and LESO disturbance compensation, we design the 

robust control law. The estimation total disturbance is z3, the 

controlled quantity is designed as:  ݑ = 0ݑ − ௭3௕0   (10) 

where u0 is the nominal control quantity. Next we design the 

sliding mode control law. The nominal control quantity u0 

should drive the sliding mode ε to 0.  0ݑ = ݏ1݇− −  (߶/ݏ)ݐܽݏ2݇

 (11) 

In (11), k1 is linear gain that adjust the convergence speed, −k2 is the switch gain that suppressed the disturbance. Φ is 

boundary layer thickness，sat(s/ϕ) is saturation function： (߶/ݏ)ݐܽݏ = (ݏ)݊݃݅ݏ} |ݏ| ≥ ߶/ݏ߶ |ݏ| < ߶ (12) 

It can smooth the control signal and reduce the vibration. The 

work flow of the whole control system is shown in fig.3. 
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FIGURE 3. The schematic diagram of Sliding Mode ADRC. 

E. CLOSED-LOOP SYSTEM STABILITY ANALYSIS 

To verify the Lyapunov Stability of the Closed-Loop System, 

we combine the control law u = u0 − z3/b0 with the original 

system dynamics, the closed-loop error equation is derived as: ݁̈ = − 1ெ೏ ௗ݁̇ܤ) + (ௗ݁ܭ + 1ெ೏ 0ݑ) − ௭3௕0) − ௱ிெ೏  (13) 

When LESO estimates the system disturbance precisely (z3 ≈ ΔF), equation (13) can be simplified to:  ݁̈ = − 1ெ೏ ௗ݁̇ܤ) + (ௗ݁ܭ + ௨0ெ೏  (14) 

Equation (14) is substituted to sliding surface s = ė + λe. Its 

derivative is: ̇ݏ = ݁̈ + ̇݁ߣ = ௨0ெ೏ − ஻೏௘̇+௄೏௘ெ೏ +  (15)  ̇݁ߣ

We design u0 = −Md(λė + η ⋅ sign(s)) + Bdė + Kde  and 

get: ̇ݏ = ߟ− ⋅  (16)  (ݏ)݊݃݅ݏ

The derivative of Lyapunov function satisfies: ܸ̇ = ݏ̇ݏ = |ݏ|ߟ− ≤ 0  (17) 

It indicates that the system will convergence onto the sliding 

surface ṡ = 0  in finite time, which realizes Steady-state 

tracking precision. 

IV. SIMULATION 

In this paper, we adopt the method of combining simulation 

analysis and experimental verification, firstly, we conduct 

simulation analysis in Matlab/Simulink, and then carry out 

experimental verification in the blade grinding system. In 

this way we can verify the effectiveness of the algorithm and 

acknowledge parameters values in theory. Simulation results 

show that the force overshoot of the filter SMC-ADRC 

control method is 0.23N, and the settling time is 0.36s. 

Compared with other control methods[24], [25], [26], it has 

good control effect, can overcome the influence of time delay 

problem of the grinding system, obtain good surface quality, 

and satisfy the requirements of the actual industry. 
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A. ROBUSTNESS SIMULATION 

The rigid-flexible coupling SMC-ADRC strategy proposed 

for the actual scene of grinding and polishing is suitable for 

constant force tracking of various complex surfaces. The 

APID (Adaptive PID Control), ADRC (Adaptive Disturbance 

Rejection Control) [39], and SMC-ADRC (ADRC with 

Sliding Mode) [30] algorithms are used in MATLAB 

R2018a/Simulink simulation platform simulates the motion 

control and force control of the entire rigid-flexible coupling 

grinding and polishing robotic system. The simulation process 

is based on Intel(R) Core(TM) i9-13900H CPU and Windows 

operating system hardware platform. The simulation content 

includes the following two aspects: (1) robust simulation: the 

force robustness performance verification simulation of the 

three control algorithms under expected force mutation and 

disturbance influence; (2) force tracking simulation: using the 

three control algorithms, the position tracking simulation, the 

constant force tracking simulation and the variable force 

tracking simulation are carried out for the environment of plat 

surface, sloped surface, sine surface, and complex surface. The 

whole simulation process sets the corresponding simulation 

parameters based on the real physical environment of the 

single-degree-of-freedom force-controlled end effector. 

Figure 5 shows a variety of control system models designed in 

MATLAB/Simulink, contains APID model, ADRC model 

and SMC-ADRC model, where each control model includes 

an input model, a contact force model, and a force control 

model. The parameters in the simulation process are shown in 

Table 1. 
TABLE I 

PARAMETERS(SCOPE) SETTING OF APID MODEL, ADRC MODEL AND SMC-
ADRC MODEL 

Model Parameters 

APID  Kp = 3~12, Ki = 0.01~0.88, Kd = 1~50, μ =0.001~0.1, λ = 0.001~0.01  

ADRC  ωc = 70, ωo = 100, b0 = 20, r = 10, h= 0.001, Kp = 6000, Kd= 200, Kf = 0 

SMC-ADRC ωc = 70, ωo = 100, b0 = 20, r = 10, h= 0.001, Kp = 6000, Kd= 200, Kf = 0, k1= 150, k2 = 50, ϕ = 0.1 

According to the APID, ADRC and SMC-ADRC algorithms, 

the robustness simulation of the contact force under 3 

scenarios of environmental position mutation, environmental 

stiffness mutation, and expected contact force mutation is 

carried out, and the expected contact force fd=50N is set, after 

normalization, the scale is transferred to 1. The simulation 

results are shown in Fig. 4.  

 

(a) 

 
(b) 

  
(c) 

FIGURE 4. (a)Performance under a step signal, (b)Performance under 
external disturbances, (c) Fractionated magnifying of Fig.4.(a). 

Figure 4a illustrates the performance of the three algorithms 

under a step signal with a period of 6.28 seconds. As shown, 

all three algorithms exhibit tracking capabilities for the step 

signal. The APID algorithm achieves the fastest tracking speed 

but is accompanied by significant overshoot and oscillations. 

In contrast, the ADRC and SMC-ADRC algorithms 

demonstrate minimal overshoot, accurately converging to the 

target value without oscillations. The ADRC algorithm 

requires 0.4 seconds to reach steady-state, whereas the SMC-

ADRC achieves stabilization in only 0.2 seconds. Figure 4b 

presents the algorithms’ performance under external 
disturbances. In this experiment, a step signal is applied, 

followed by periodic disturbance signals (half the amplitude 

of the step signal, 0.02-second pulse width) introduced every 

3 seconds. The APID algorithm, which generates control 

signals based on output error, exhibits poor robustness. Its 

excessive sensitivity to disturbances results in output spikes 

and sustained oscillations. The ADRC algorithm shows 

improved disturbance rejection, albeit with a longer settling 

time of approximately 0.2 seconds. While the SMC-ADRC 

algorithm exhibits transient oscillations twice the amplitude of 

ADRC during disturbances (yet only 1/6 of APID’s 
oscillations), it achieves rapid stabilization with a settling time 

of merely 0.08 seconds. Thus, in robustness simulation tests, 

the SMC-ADRC algorithm demonstrates superior 

performance. 
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B. FORCE TRACKING SIMULATION 

To enhance practical effect. We simulate an uncertain part in 

Matlab employing the same object transfer function as 

described in Section 4.1. Following the methodology 

presented in reference[], and considering the controlled object 

in this project operates in a scenario characterized by micro-

viscosity and strong disturbances, the initial PID parameter 

range for APID is set as: , we use gradient descent method to 

realize adaptive control. So the position error weight is set 

α=0.7, force error weight is set β=0.3, derivative filter time 
constant is set τf = 0.01. 

To implement the ADRC algorithm, the parameters of the 

tracking differentiator(TD) must first be determined. This 

project employs a discrete-time optimal tracking 

differentiator, which processes the input signal smoothly and 

extracts its differential signal. Referring to equation (3), the 

parameters r is set in Table.1.. 

For the linear extended state observer (LESO) 

implementation, a third-order linear ESO is adopted in this 

system. According to equations (4)-(5), the observer 

bandwidth is set as Table.1., and the gain configuration is 

specified in equation (6). 

Furthermore, when applying the SMC-ADRC control law, the 

parameters of the sliding surface need to be determined. The 

parameter λ in equation (7) is set to 10 for the sliding surface. 
Combined with the disturbance compensation from LESO, the 

control law is designed as: ݑ = ݏ1݇− − (߶/ݏ)ݐܽݏ2݇ −  0ܾ/3ݖ

 (18) 

The values of k1, k2, ϕ = 0.1  can be seen in Table.1. The 

simulation result is shown in fig. 5. 

 

FIGURE 5. Force tracking simulation contrast. 

In the simulation experiments, we emulated real-world force 

variations under simulation of abrasive pad wear-induced 

friction changes applying sudden external impacts(simulate 

surface irregularities) to evaluate the force tracking 

performance of three control algorithms. 

A step force command was applied: the reference force fd rose 

from 0 N to 40 N within 0.3s, stabilized at 40N for 0.3s, and 

then returned to 0N. Subsequently, a periodic disturbance 

force fk = −20N  was introduced every 3s. As shown in 

Figure 5a, all three algorithms: APID, ADRC, and SMC-

ADRC achieved satisfactory steady-state tracking errors 

below 0.2N under stable force conditions. However, the APID 

algorithm exhibited the highest overshoot(5%), while ADRC 

and SMC-ADRC maintained overshoots within 3%. When 

subjected to disturbances, APID showed the longest settling 

time (0.2s), followed by ADRC(0.15s), with SMC-ADRC 

achieving the fastest convergence (0.1s). 

In the other hand, a sinusoidal reference force fd =40sin(2π1.5 t)N was applied, with a superimposed disturbance 

force fk = 5N  at specific time intervals to assess dynamic 

tracking capability. 

As illustrated in Figure 5b, the APID algorithm demonstrated 

relatively inferior tracking performance, with ±5% overshoot 

and a prolonged settling time of 0.3 s under disturbances. The 

ADRC algorithm improved tracking accuracy, limiting 

overshoot to 3% and achieving a settling time of 0.2 s. The 

SMC-ADRC algorithm exhibited superior tracking precision, 

maintaining errors within 1% and a negligible phase lag of 

0.06 s. In industrial robotic grinding applications, where 

typical end-effector velocities are around 50 mm/s, this phase 

lag is deemed acceptable. Furthermore, SMC-ADRC achieved 

a disturbance settling time of 0.15 s. 

V.  EXPERIMENT 

The hardware platform of the rigid-flexible grinding robotic 

system is mainly composed of a PC(host computer controller), 

Huashu HSR-JR630 industrial robot (working range 1701mm, 

working load 30kg) and its control cabinet(IRC5), HANPOSE 

ASD240 servo motor driver (maximum power0.4KW), freud 

DYLY-103 force sensor (maximum force ±100N, resolution 

0.1N), control board(self-development, max sampling rate 

1kHz, 16bit A/D transfer resolution, 2 limit switch interfaces), 

RuiFen LCA326T tilt sensor(0.02° resolution, RS485 

transformation), pneumatic driven grinding head(maximum 

torque 50Ncm, speed range 1000r–10,000r). The abrasive 

used is Misumi polishing disc (end face grinding and 

polishing) plus sandpaper (the mesh selection is 320 mesh), 

suitable for general curvature surface grinding and polishing. 

The entire rigid-flexible grinding experimental platform and 

communication interface are shown in Fig.6. 

Motor driver
Control board

12VDC Power 

supply

End effector

HuaShu Industrial 

Robot

Robot control 

cabinet

PC

Servo motor

Force sensor

Grinding Tool

 

FIGURE 6. The rigid-flexible grinding robotic platform 
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A complete experimental cycle includes the communication 

time between the servo motor and the servo motor driver, the 

control processing time of the host computer, and the 

corresponding displacement time of the robot. The control 

bandwidth is low, and the control bandwidth of the rigid-

flexible grinding robotic system is set to 1000Hz, within the 

normal working bandwidth of the robot for contact operation, 

the bandwidth of the rigid-flexible grinding robotic system in 

this paper meets the experimental requirements. Because the 

gravity of the end effector is known, we compensate the 

gravity through the tilt sensor while the industrial changing the 

pose in the process of grinding. The robot, the host computer 

and other devices communicate through the RS485 

communication, which can ensure the reliability of the 

transmission rate.  

 

 
FIGURE 7. Force control effect of Rigid-Flexible Coupling Grinding End 
Effector 

According to the grinding process requirements for complex-

shaped aluminum parts and marble surfaces, we conducted 

grinding experiments on the rigid-flexible coupling robot 

grinding platform. The SMC-ADRC algorithm was used in the 

experiments, and its parameters were set as shown in Table 1. 

According to the process, the grinding force needs to be set 

between 35 to 65N. Therefore, in the complex-shaped 

aluminum part target, along with the grinding path of the 

industrial robot (with a traveling speed of 0.1 m/s), the target 

grinding force was set from 35N to 65N, changing by 10N 

each time. The holding time for each constant force value was 

5 seconds. The actual grinding force effect is shown in Figure 

7. It can be seen from the figure that the target grinding force 

performs slightly better when rising than when falling. The 

oscillation time is within 0.1 seconds. Relatively speaking, 

when the target force is decreasing, the stabilization time is 

within 0.2 seconds. After the SMC-ADRC algorithm enters 

the steady state, the fluctuation of the target values from 35 to 

55 N is within 0.5N, and the fluctuation of the 65N target value 

is within 1.5N. The reason should be that the industrial robot 

is a non-rigid body and has resonance disturbance effects 

during the operation of the grinding path; the pneumatic-

driven grinding head is also an irregular circle and has 

disturbance effects during eccentric rotating. The grinding 

effect of the complex-shaped aluminum part is shown in 

Figure 8. 

 

 
(a) 

 
(b) 

FIGURE 8. (a) Aluminum workpiece, (b) Marble face 

We tested the effect of the end effector and algorithm on 

different workpieces with different materials: aluminum and 

marble workpieces. Their face was flat and curved, 

respectively. Because the grinding end effector has the ability 

to quickly control the combination of force and position, it can 

maintain the grinding force under the high-speed rotation of 

the polishing disc while the robot moves along complex 

trajectories. According to the process requirements, the 

grinding force for aluminum workpieces is 45N, while that for 

marble workpieces is 55N. It has been proved through 

experiments that the grinding surface is uniform and smooth 

after grinding, and the surface roughness Ra=0.21. And it 

presents a consistently strong polished texture. Overall, the 

force control effect of the rigid-flexible coupling robot 

grinding platform meets the requirements. 

 

VI. CONCLUSION 

The proposed rigid-flexible coupling grinding end effector, 

leveraging a novel Sliding Mode Active Disturbance 

Rejection Control (SMC-ADRC) algorithm, integrates 

mechanical design innovation with advanced control theory to 

achieve high-precision force-position regulation for complex 

surface grinding applications. This work bridges a critical 

research gap by pioneering ADRC-based control for rigid-

flexible actuators in grinding scenarios, validated through 

Lyapunov stability analysis and high-fidelity 

MATLAB/Simulink simulations demonstrating >15dB 

superior high-frequency disturbance attenuation versus 

conventional Adaptive PID and ADRC. The system employs 
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a macro-micro architecture featuring flexure hinges to 

overcome friction dead zones and dampen high-frequency 

vibrations, coupled with a servo-driven lead-screw 

mechanism enabling 800μm displacement precision, while the 
SMC-ADRC controller innovatively combines a sliding 

surface with LESO to dynamically estimate and reject total 

disturbances, including joint elasticity, environmental 

uncertainties, and pneumatic grinding head eccentricities, 

resulting in a 50ms convergence time and 0.5N force accuracy 

within 35-65N operating range.In the experiment, SMC-

ADRC reduced force overshoot to 3% and settling time by 

50% compared to alternatives, confirming steady-state 

fluctuations below 1.5N under resonant disturbances, thereby 

offering a robust, model-independent solution for human-

robot collaboration and precision manufacturing.The system 

enhances industrial grinding efficiency for sanitary ware, 

furniture, and hardware by enabling real-time adaptive stroke 

adjustment via force-position control , supporting complex 

trajectories at 0.1m/s feed rates while maintaining Ra=0.21μm 
surface roughness on aluminum and marble workpieces.  

For the better application of the system in this article, in the 

future, we will focus on the embedded AI-driven parameter 

optimization using reinforcement learning for real-time 

adaptation to varying grinding processing properties. What’s 

more, we will build standardized safety protocols for human-

robot collaboration under ISO/TS 15066 during high-

frequency operations. 
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