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Abstract

To solve the problem of insufficient adjustment ability of traditional impedance control due to
uncertainty of environmental parameters when the robot grinds castings, an adaptive variable
impedance constant force control method for robot grinding with unknown environmental
parameters is proposed. In the proposed method, first, self-impedance impedance control is used as
inner loop control to realize fast tracking response of actual trajectory to reference trajectory and
reduce overshoot of grinding force; secondly, fuzzy adaptive variable impedance control is used as
outer loop control to realize real-time prediction of unknown environmental parameters and real-
time adjustment of impedance parameters; finally, the constant force control of robot grinding in
unknown environment is realized by combining inner and outer loop control. In order to verify the
effectiveness of the proposed method, the simulation model of the algorithm is constructed based
on the MATLAB-SIMULINK simulation platform for simulation analysis, and experimental
verification is carried out on the casting surface defects robot grinding platform. The simulation and
experimental results show that the algorithm can control the grinding force well when grinding
unknown environmental parameters, the force control accuracy is within =1N, the average grinding
force error of casting fin grinding is about 7.59%, the average grinding force error of casting riser
grinding is about 5.31%, and the contour accuracy of casting surface defects is good after grinding
by force control, and the surface quality after grinding is improved.
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Adaptive variable impedance constant force control of robot grinding for casting

surface defects

1 Introduction

Casting is one of the common molding methods in equipment manufacturing, which has the
advantages of low cost and good adaptability[1]. Complex castings are an important part of high-
end equipment, and their quality determines the function and performance of the equipment. Most
parts are obtained by casting, and the casting residual features of the blank must be cleaned before
entering the subsequent finishing or assembly process. At present, more than 95% of enterprises use
manual operation to clean casting surface defects, manual operation is generally through angle
grinder and other equipment to remove casting riser and fin, there are problems of low efficiency
and poor consistency, so it is imperative to use automatic equipment to grind casting surface defects.
Because of'its good flexibility, large workspace and high efficiency, industrial robots[2-4] can better
adapt to complex and diverse processing paths and improve production efficiency. At present, it is
generally believed that robot processing complex parts has become the mainstream processing mode
of robot intelligent manufacturing[5,6], especially for the grinding of casting surface defects. Robot
grinding is a typical constrained operation mode[7]. The force change cannot be ignored when robot
interacts with environment[8]. In order to better complete the grinding task and improve the contour
accuracy of casting surface defects, robot grinding force control is the key[9]. Due to the weak
rigidity, complex force and strong coupling of industrial robots, it is difficult to control the grinding
force, so the robot grinding force control technology has always been a difficult and hot spot in this
field.

The grinding force control method of robot end is mainly divided into passive force control[10-
11] and active force control[12-13]. Passive force control is realized through energy absorption or
storage of auxiliary flexible mechanism, which requires complex actuator to be installed at robot
end. Under the condition of limited load on robot end, higher requirements are put forward for the
design of end mechanism[14-15]. At the same time, passive force control can not adjust the control
force in real time, and its universality is poor, and it is only suitable for the working conditions with
low control accuracy, so active grinding force control with force feedback becomes the main
research direction of robot constant force control. Scholars at home and abroad have carried out a
lot of research on robot grinding constant force control methods. Hogan[16] first proposed the
concept of impedance control, which greatly promoted the development of robot grinding force
control technology. The basic idea of impedance control is to couple force and position, and
indirectly control grinding force by correcting the position of robot end. Bu[17] proposes an
adaptive system that enables impedance controllers to adjust parameters automatically without
much force overshoot. Guo et al[18] introduced Q-learning learning algorithm to change the
parameters of impedance controller in the case of unknown system dynamics. Duan et al[19] set the
expected stiffness to zero and proposed an adaptive impedance control method with uncertain
variable damping parameters under the condition of known environmental position and unknown
environmental stiffness. However, the feasibility of this method highly depends on the value and
range setting of controller parameters. Shen et al[20] uses recursive least squares iterative method
to estimate environmental parameters, which can track the required force without knowing
environmental information. Kakinuma et al[21] constructed a robot grinding control system based

on macro and micro mechanism to realize dynamic grinding force control. Lakshminarayanan et



al[22] proposed an iterative learning controller based on impedance control for tracking workpiece
contour and adjusting position and force in robot grinding operation. Kana et al[23] proposed a
collaborative curve-following control method based on impedance control to achieve human-
machine collaborative edge chamfering and grinding tasks. Zhu et al[24] proposed a hybrid robot
attitude/force control structure with contact point variation compensation to achieve force tracking
control in uncertain environments. Zhang et al[25] proposed a force coordination method based on
impedance control to reduce the impact caused by critical contact between robot working tool and
workpiece. Domroes et al[26] studied the difference between position control and force control in
robot grinding process by constructing robot grinding experimental system with six-dimensional
force sensor. Although the influence of grinding force fluctuation on material removal rate was
analyzed, this grinding method was not suitable for complex parts.

Roveda et al[27-28] overcome the force overshoot problem by using impedance control and
iterative learning in fine interaction tasks, and have been applied to industrial interaction tasks. Zhai
et al[29] improved the impedance control model through RBF neural network, compensated the
position error and stiffness error in unknown environment, and improved the stability of grinding
force. Portillo-Velez et al[30] proposed an impedance control method based on modified reference
trajectory to solve the force limitation problem in robot cooperative motion. Zhang et al[31]
proposed a PPO constant force grinding control algorithm based on reinforcement learning, which
solved the problem of unstable actual grinding force caused by low robot stiffness and positioning
error. Xu et al[32] designed a grinding robot composed of manipulator and 2-DOF parallel structure,
and proposed to overcome the limitations of impedance control through model-based predictive
optimization (MPO), which improved the force tracking ability of the system. Zhao et al[33]
developed a normal search algorithm for unknown workpiece contour on the basis of adaptive
control to control force and position in normal and tangential directions, which can realize direct
grinding. Cheng et al[34] studied the grinding force during microgroove grinding (MSG) of single
crystal sapphire. The grinding tool and measuring equipment were installed on the robot and fixed
side respectively, but only the grinding force could be monitored. They did not use force control
technology. Zhang et al[35] designed a controller based on radial basis function neural network for
robot tracking control, reducing robot vibration and improving system stability. Kana et al[36]
proposed a collaborative curve-following control method based on impedance control to achieve
man-machine collaborative edge chamfering and grinding tasks.

In fact, the robot grinding casting is carried out in an unknown environment, the environmental
parameters have the characteristics of real-time change, and the grinding operation belongs to the
process of reducing materials, and the corresponding grinding force cannot exceed the threshold
value. Overgrinding will reduce the contour accuracy of the workpiece, and in serious cases, the
workpiece will be scrapped. Although the above-mentioned grinding force control method has
certain control effect in impedance parameter tuning and parameter prediction, it requires high
accuracy of the model, the calculation amount of the control method and controller is large, and it
is difficult to determine the stability of control boundary conditions. Continuous contact grinding
operation of industrial robot requires good interaction between robot and workpiece [37-38]. In
order to ensure grinding quality and contour accuracy, grinding force control method with fast
response speed and good stability is particularly important[39-40].

In order to solve the problem that the robot has insufficient adaptive adjustment ability of

grinding force due to lack of environmental information or inaccurate environmental information



when grinding castings, the adaptive variable impedance constant force control of robot grinding
castings with surface defects is studied in this paper, and a grinding force control method combining
unknown environmental parameter prediction and variable impedance parameter is proposed. In the
control process of the method, firstly, self-impedance impedance control is used as the inner loop
control to realize the fast tracking response of the actual trajectory of the robot terminal to the
reference trajectory and reduce the overshoot of the grinding force; secondly, the fuzzy adaptive
control is used as the outer loop control to realize the prediction of unknown environmental
parameters and the adjustment of impedance parameters; and finally, the constant force control of
the grinding process is realized by combining the two. Before the force control, the sensor
parameters are calibrated to eliminate the sensor error and the influence of the end load gravity on
the sensor perception, so that the external actual grinding force can be accurately obtained during
the force control process.

The rest of this paper is organized as follows: in the second section, the filtering process of the
information collected by the six-dimensional force sensor at the end of the robot and the solution
method of the load and zero point of the sensor at the end of the robot are introduced; in the third
section, the contact model of the grinding system and the mathematical model of the grinding force
control algorithm are introduced; in the fourth section, the MATLAB-SIMULINK simulation results
of the algorithm are analyzed; in the fifth section, the casting grinding experiment is carried out,
and the experimental results are analyzed and discussed in the sixth section.

2 Industrial robot grinding force sensing system

As a key part of force control to obtain the grinding force signal between tool and workpiece,
the real-time performance and accuracy of industrial robot grinding force sensing system are
particularly important. As shown in Fig.1, the robot grinding force sensing system consists of a six-
dimensional force sensor, a switching power supply, a communication device and a force
information processing system. The six-dimensional force sensor is installed between the flange of
the robot and the grinding tool to monitor the change of grinding force. The force information

processing system includes signal filtering and gravity compensation.

Communication equipment

Power supply switch

Fig.1 Grinding force sensing system for industrial robots
There is a certain deviations between the measured position trajectory and the reference position
trajectory of the blade surface, as shown in Figure 3. The trajectory deviations of any point on the
blade concave surface is 0.5329mm, and the blade convex surface is -0.5455mm.
2.1 Signal filtering



Due to the influence of grinding environment, the signal collected by force sensor contains
gaussian noise signal, which seriously interferes with the acquisition of actual grinding force signal
and can not be used as force feedback information directly. Therefore, it is necessary to denoise the
collected signal. First, analyze the amplitude-frequency characteristics of the signal through Fast
Fourier Transformation (FFT), and then filter the signal through low-pass filter to eliminate the
interference of noise signal. Set the cut-off frequency as SHz, the signal characteristics before and
after filtering and their spectrum diagram are shown in Fig.2.
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Fig.2 Grinding force signal before and after filtering and its amplitude-frequency diagram

2.2 Gravity compensation

The schematic diagram of the coordinate system of the robot grinding system is shown in
Fig.3(a), and Op-XpYZp represents the base coordinate system, Or-XrYrZr represents the robot end
flange coordinate system, Os-XsYsZs represents the sensor coordinate system, and Or-XrYrZr
represents the tool coordinate system. The force signal measured by the force sensor consists of four
parts: (1) sensor zero drift, (2) load gravity, (3) inertial force, and (4) external grinding force. The
attitude of the robot constantly changes during the grinding process. When the load gravity direction
is inconsistent with the three coordinate axes of the sensor coordinate system, gravity compensation
is required to balance the gravity effect. The relative relationship between the load gravity direction
and the sensor coordinate system is shown in Fig.3(b) show.

(a) Flange coordinate system (b)

N Robot end-load center of mass
Sensor coordinate system e

Direction of gravity G

workpiece

B 0 z

\
Base coordinate system Euler angle transformations for rigid systems

Fig.3 Robot grinding system: (a) coordinate system schematic diagram; (b) load gravity and sensor coordinate

system relative relationship schematic diagram



Euler angles of Kawasaki robot system are expressed as o, 4, t, namely roll angle o, yaw angle
a and pitch angle ¢. According to Euler angles and attitude transformation relations, a transformation
matrix between sensor coordinate system and base coordinate system is obtained as:

co-ca-ct—so-st so-ca-ct+co-st —sa-ct
fRTz —co-ca-st—so-ct —so-ca-st+co-ct sa-st (1

co-sa so-sa ca

where s represents sin() and ¢ represents cos().
The normal vector of the load gravity is expressed in the base coordinate system as:

0

g&=|0 (2)
-1

Combining equations (1) and (2), three components of gravity in the sensor coordinate system can
be calculated as:

g, =sina-cost-G
g, =—sina-sint-G 3)

g =-cosa-G

where G represents the magnitude of the end-load gravity.
Therefore, the external actual grinding force can be calculated as:

Ff:x =F:\_F;0_gr
F;y :Fvy _EVO _gy (4)
F;z :F; _F;O_gz

where Flex, ¢y, ez) represents the actual grinding force, Fix,,, - represents the sensor measurement force,
and Fxo, 0, z0) represents the sensor zero drift.

After gravity compensation, the influence of end load gravity and sensor zero drift is eliminated.
When the robot is not in contact with the environment, the external contact force is zero, as shown
in Fig.4. After compensation, the force in three directions of the sensor fluctuates within £1N.
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Fig. 4 Comparison of forces before and after gravity compensation: (a) x direction; (b) y direction; (c) z direction
3. Control strategy of grinding force of industrial robot for casting surface defects
3.1 Position-based impedance control strategy
The contact process between the end of the industrial robot and the environment is generally
divided into three stages, as shown in Fig.5, which can be described as the constrained space from
the free motion space to the collision contact with the environment, and its dynamic characteristics



present different situations at each stage.
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Fig.5 There are three phases of robot contact with environment: (a) free space; (b) critical space; (¢) constrained
space
In the position-based impedance control model, the robot end is equivalent to a second-order
spring-mass-damping system, and the environment is equivalent to a spring contact model, the

mathematical model is shown in equation 5.

©)

Md(Xd _X;~)+Bd(Xd _X1~)+Kd(Xd _Xr):F:i _F;
F =k, (x—x,)

where, M4, Ba, Ka respectively represent the mass, damping and stiffness coefficient matrix of the
system, Xy, X, , X, respectively represent the desired position, velocity and acceleration of the robot,
X.. X,. X respectively represent the reference position, velocity and acceleration of the robot,
Fq respectively represent the desired contact force and F. represent the actual contact force, x
represents the actual position of the robot, and x. represents the environmental position.

Based on the above model, a position-based impedance control strategy framework is built as

shown in Fig.6.
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Reference
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Fig.6 Framework diagram of impedance control strategy based on position
In the robot grinding process, only the force in a single direction is considered, and the model

is simplified to a single-degree-of-freedom system, as shown in equation 6:
my (%, =% )+b,(X, = %) +k, (X, —%)=f, = f. =8 (6)

Applying the laplace transform to equation 6 yields:



Ax 1
E B m,s’ +b,s+k, M
Assuming that there is no position control error in the internal position control ring of the
industrial robot, the actual position of the robot end can be replaced by the reference position, i.e.
x=x, and the force control error of the robot grinding workpiece can be expressed as:

A = £15) = £05) = £,(5) — K, (x(5) — %, (5)) ®)

From equations (7) and (8):
M) = 115) =k (6) + ———— ()=, ©)
Af(5) =S IS HR () k (x(9) - 0, (5)) (10)

ms® +bs +k+k,

The force error calculated from formula (10) when the robot grinds stably is:

ms® +bs+k
A =lim(——————
Vs HO(msz +bs+k+k,

lim—(f, —k (- x)
-0 k+k

e

(f,(5)~ k. (x(s)—xxs))))i
(11)

3.2 Design of self-immunity controller

In order to realize the smooth transition of step signal of closed-loop system, an self-immunity
controller is constructed based on the nonlinear model of robot grinding system. The self-immunity
controller can make the contact force not overshoot under the premise of ensuring fast tracking force
signal, improve the robustness of the system, and then ensure that the robot grinding operation does
not produce overwear. The controller consists of the following three parts:
1) Tracking differentiator (TD):

{xl(k+1)=xl(k)+h-xz(k) 12

x,(k+1)=x (k) +h- fst(x (k) —v(k),x,(k),r, h)
The function fs¢(-) is defined as follows:
Jst(x, (k) —v(k),x,(k),r,h)) =—r-sat(a,d)
ald, |a| <d

a|>d

sat(a,d) = {sgn(a)

d =rh,

8| | (13)
1 ’ Y
. xz(k)+5rh0( 1+_rh§ —1),|y|>d

xz(k)+y/h0,|y|£d
v =x,(k)+ hyx, (k)

where v(k) is the expected force input signal at the kth time, 7 is the velocity factor, 4 is the sampling
period, Ao is the filter factor, x1(k) is the expected force output at the kth time, x»(k) is the derivative
of the expected force output at the kth time, x1(k+1) is the expected force output at the k+1th time,
x2(k+1) is the derivative of the expected force output at the k+1th time, and sgn() is the sign function;



2) Nonlinear state error feedback (NLSEF):

hk fal(f —z,a,,0,)

u=k fal(e,a,o)+k fal(e,,a,,o,)+
' ' b

(14)

e
,|e| <0
fal(e,a,8) =4 6"

|e|a sgn(e),|e| >0
where u is the control system input, e; is the desired force error signal, e; is the desired force error

differential signal, kp, ki, ka, a1, 02, a3, d1, 02, 03 is the gain factor.
3) Extended state observer (ESO):

zy(k+1) =z, (k) + h-(2,(k) = Sy, - (z,(k) = 1))
zy(k+1) =z, (k) + h- (2;,(k) = f,, - fal(z,(k) = £.,0.5,8)) + bu)
z(k+1)=z,(k)—h- B, - fal(z,(k) - £,,0.25,0)
e
fal(e,a,8)={5"""
|e|a Sgn(e),|e| >0

(15)
<o

e

where zi(k) is the observed value of the output of the system at the kth time, z1(k+1) is the observed
value of the output of the system at the k+1th time, z2(k) is the observed value of the output of the
system at the kth time, z2(k+1) is the observed value of the output of the system at the £+1th time,
z3(k) is the observed value of the output of the system at the kth time, z3(k+1) is the observed value
of the output of the system at the k+1th time is the actual contact force, f. is the actual contact force,
Po1, Poz, Pos is the gain coefficient, 0,0 is constant, a takes values between 0 and 1, b is the disturbance
compensation coefficient.

According to equations (11)~(14), an self-immunity controller is constructed (The control
strategy frame diagram is shown in Fig.7) to realize the overshoot suppression of the grinding force
signal and the estimation and compensation of the position error. The specific process is as follows:
1) introducing the fastest synthesis function, smoothing the input expected force signal fz through
the tracking differentiator, and obtaining x; and its derivative x»; 2) nonlinear combining the force
error and its derivative through the nonlinear error feedback control rate, and obtaining the control
quantity; 3) state observation is carried out on the sum of internal and external disturbances of the
system in the grinding process through an extended state observer to obtain compensation quantities
z1 and z; of the input signal and compensation quantity z3 of the control quantity.
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Fig.7 Frame diagram of self-immunity controller
3.3 Design of adaptive variable impedance controller
For the robot grinding working condition with complex and changeable contact environment,
the fuzzy control with strong adaptability and robustness, which is not affected by the control object



model, can be used to optimize the impedance parameters in real time, so as to solve the problems
such as failure of fixed parameter impedance control when grinding some surfaces. At the same
time, the adaptive controller is combined to predict the unknown environmental parameters. The
combination of the two improves the adaptive adjustment ability of the system. The control principle

diagram is shown in Fig.8.
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Fig.8 Frame diagram of adaptive variable impedance control

In order to reduce the oscillation of the system, the mass coefficient is not modified in general,
so the change of damping coefficient is used as an adaptive parameter to modify the impedance
model. Through normalization processing of quantization factor and scaling factor, the robot
terminal feed speed and environmental stiffness are taken as inputs of the fuzzy controller, and the
variation of damping parameters is taken as the output of the fuzzy controller. The two inputs and
one output are divided into four levels, as shown in Table 1, and Gaussian membership function
curves are adopted. The input variable domain of the fuzzy controller is set to [0,3], as shown in Fig
9. According to fuzzy control rules, fuzzy inference is carried out to obtain fuzzy control output,
and then the output is processed clearly to obtain the change of damping coefficient Ab.

Tab.1 Fuzzy control rule table

14

ke
ZE PS PS PB
ZE ZE PS PS PM
PS PS PS PM PM
PM PS PM PB PB
PB PM PM PB PB
| % i B
NN
Eo.s \\/ \
g /\ / \ \
< /N
of |
0 1 2 3
ke
lZF‘\ // /Pj\\ ///PM\\ 7 l7{\ // /Pj\\ /PM\ %
Em 1 N éo.s Y X
S VAANGZRNZRN B VR NN
oL N N DL N .

Fig. 9 Fuzzy control rule and membership function curve



The impedance control model modified by fuzzy control is shown as follows:
m,(x, =X )+(b, +Ab)(X, =X )+k,(x, —x )=Af (16)

In the actual grinding process, due to the uncertainty of the environment interaction model, it
is very difficult to obtain accurate environment position and environment stiffness information.
Therefore, setting the estimated values of environment stiffness and environment position as k,

and X,, the estimated value of grinding force can be expressed as:

k, (17)

Putting k=k.x. into the above equation gives:

7 ]ge_ke
fe—fe=[xe—1]ﬂ } (18)
kx_kx

A A T
Let be [ke -k, k - kx] , define Lyapunov equation as:

V=0"PQ (19)

T A

Define matrix P as positive definite matrix { } ,where g1+ g2are positive numbers, when  f,
r
2

tending to fe, when the system tends to stability, the derivative of Lyapunov equation should be less

than 0, therefore, constructed Q as:

V=20"P0=-20" m(ﬁ -f)==2/.- 1) (20)

A

Therefore, we can obtain X, . &, , respectively:

k, =rx(f - f)
F-f @

)ee = n (rixfce + VZ)
ke

From this, we can see that V negative definite, V" positive definite, Lyapunov stability is
satisfied, nonlinear function is introduced to improve convergence rate, and then combined with the

self-immunity controller model in section 3.2, the adaptive control model can be calculated as:



f = l:te (x—x,)
ﬂxr = Ae - e
- k,bfal(e,, e, 6,) + kbfal(e,,a,,6,) + k,hfal(e, a3, 65)
X, =X, ~
bk, (22)
)’e_e :)%e(o)‘l'}’i‘l.t ﬂfal(faxrﬂazé‘) (x)’ee +r_2)dt
0 k, 4
k, =k(0) =7 [ xAfal(f,,. )t

where fe is the estimated value of the contact force, f. is the deviation value between the
estimated value of the contact force and the actual value of the contact force, lée is the estimated
value of the environmental stiffness, x is the robot terminal position, x. is the compensation
displacement of the robot, %, is the estimated value of the environmental position, x,(0)is the
initial value of the environmental position, /ée (0) is the initial value of the environmental stiffness,

ri~ r21is a constant, and A+ u is a compensation coefficient.

Combined with the above analysis, the principle diagram of adaptive variable impedance
control strategy based on self-immunity control is established as shown in Fig.10. The main
components of the proposed method are as follows: 1) self-immunity control is used as feedforward
control of impedance control to process the input expected force signal and improve the force
overshoot phenomenon; According to the feedback information of the end effector, the adaptive
variable impedance control is designed to optimize the impedance parameters online, realize the
dynamic adjustment of the grinding force correction, and solve the problem that the adaptive
adjustment ability of the fixed parameter impedance is insufficient when grinding some surfaces. 2)
establish the impedance control model of end-effector contact with environment, which calculates
the compensation amount of end-position according to the difference between actual grinding force
and expected grinding force. 3) combining the position compensation value with the reference
position calculated by adaptive control, input it to the robot controller to control the robot movement,
and realize the adaptive active grinding force control of robot grinding operation.
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Fig.10 Schematic diagram of adaptive variable impedance control based on self-immunity control
4 Simulation analysis
In order to verify the feasibility of the proposed control strategy, simulation models as shown
in Fig.11 and Fig.12 are built in Matlab-Simulink, and simulation analysis is carried out under



different conditions. The impedance parameters My, B; and K of the two control strategies are
200kg, 1000N/(m/s) and 1500N/m respectively, and the expected grinding force is SN. Based on the
above parameters, the simulation analysis is carried out for the following working conditions.
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4.1 Simulation results of planar environment surface with different environmental stiffness

In order to verify the regulation effect of the algorithm under different environmental
stiffnesses in planar environment, set the environmental position x.=0mm, set the environmental
stiffnesses £.=10000, 15000 and 20000N/m, and the simulation results of traditional impedance
control are shown in Fig.13, and the simulation results of adaptive variable impedance control based
on automatic disturbance rejection are shown in Fig.14. It can be seen from Fig.13 that force
overshoot phenomenon will occur under three different environmental stiffnesses, and there are
steady-state errors. The greater the environmental stiffness, the greater the force overshoot, but the
steady-state error will decrease. It can also be seen from the output displacement of the robot end
that in the initial contact period, the fluctuation of the output displacement of the end is large,
resulting in the overshoot of the contact force. As can be seen from Fig.14, compared with traditional
impedance control, the adaptive variable impedance control based on auto-disturbance rejection has
smaller force overshoot and contact force steady-state error, which benefits from its excellent ability
to regulate the output displacement of the end. In contrast, this method has more advantages in
regulating contact force.
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Fig.13 Simulation results of traditional impedance control under different environmental stiffnesses: (a) change of

contact force; (b) change of terminal position
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Fig.14 Simulation results of adaptive variable impedance control based on self-immunity control under different
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4.2 Simulation results of curved environment surface with different environmental stiffness
Fig.15 and Fig.16 show the simulation results of the two methods under curved surface
environment and different stiffnesses. The environmental position changes with sinusoidal curve
with amplitude of 0.25mm and frequency of 1rad/s. It can be seen from Fig.15 that the force
overshoot phenomenon still occurs in the traditional impedance control under curved surface
environment, and the contact force fluctuates greatly and is unstable. From the perspective of
terminal displacement change, the output displacement of the traditional impedance control deviates
from the environmental position to a certain extent. The adaptive variable impedance control based
on self-immunity control can adapt to the change of environmental parameters better, and its
terminal output displacement is basically consistent with the change trend of environmental position,
so the overshoot and steady-state error of contact force are very small. The simulation results show
that the force control method proposed in this paper has better adaptive ability than traditional

methods in the face of complex environmental parameters.
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5 Experimental studies
5.1 experimental facility

In order to verify the feasibility of the proposed grinding force control method in practical
application, an experimental platform as shown in Fig.17 is built, including a computer, a robot, a
robot controller, a six-dimensional force sensor and grinding equipment. The robot, the six-
dimensional force sensor and the robot controller are connected through Ethernet. The robot adopts
TCP/IP communication protocol, and the six-dimensional force sensor adopts UDP communication
protocol. The grinding system is an integrated system integrating force signal filtering, end load
gravity compensation and grinding force control strategy.
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Fig.17 Robot grinding experimental platform

5.2 Algorithm feasibility verification

In this paper, aluminum alloy plate specimen as the grinding object, respectively compared the
position control, traditional impedance control and adaptive variable impedance control based on
automatic interference rejection of the three methods of grinding effect, and through the hualang
handheld three-dimensional laser scanner measurement grinding effect, equipment model holon 751,
experimental control flow chart as shown in Fig.18, the specific process is: 1) planning the initial
grinding track, and the track will be transmitted to the robot controller, control robot movement; 2)
The six-dimensional force sensor collects the grinding force in real time and transmits the force
signal to the computer;3) The force signal is filtered and gravity compensated by the written internal
program, and the processed signal is input to the force control program, and then the terminal



position compensation value is calculated and output;4) The compensation value is input to the robot

controller for regulation.
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Fig.18 Control flow chart of robot grinding experiment

The change of contact force in the grinding process of the three control methods is shown in
Fig.19. It can be seen from Fig.19(a) that when grinding is only controlled by position, the
fluctuation of contact force is large due to the existence of grinding track error, and the contact force
fluctuates between-2N and-20N in the whole grinding process, which is not conducive to the
stability of the system; On this basis, the expected contact force is set to-8N, and the impedance
control is superimposed to carry out the experiment. As shown in Fig.19(b), the contact force
fluctuates between-6N and-12N, and the average contact force error is 21.33%. Compared with the
position control, the fluctuation of grinding force is obviously reduced. However, due to the
limitation of traditional impedance control, its internal impedance parameters cannot match the
actual environmental parameters optimally, and there is still room for further improvement in the
actual regulation effect. The adaptive variable impedance control based on auto-disturbance
rejection is optimized and improved on the basis of the traditional impedance control. The contact
force variation curve in the grinding process is shown in Fig.19(c). The contact force fluctuates
between-7N and-9N, and the average contact force error is 5.72%. Compared with the traditional
impedance control, the average contact force fluctuation is reduced by about 15.61%. The results
show that the adaptive adjustment ability of this method is better.
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Fig.19. Contact force variation of three control methods: (a) position control; (b) traditional impedance control; (c)
adaptive variable impedance control based on auto-disturbance rejection

The surface profile of the test piece before and after processing is obtained by a three-



dimensional laser scanner, and three-dimensional profile comparison is carried out. The result is
shown (1) in Fig.20(a) is the position control grinding effect, (2) is the traditional impedance control
grinding effect, and (3) is the adaptive variable impedance control grinding effect based on auto-
disturbance rejection. Fig.20(b) corresponds to Fig.20(a). It can be seen from Fig.20(b) that the
existence of track error leads to the phenomenon of overgrinding and undergrinding after grinding
of'the test piece, and the contour accuracy is poor; After grinding with traditional impedance control,
underwear phenomenon is eliminated by compensating displacement, overwear phenomenon is
improved to some extent, but the overall profile is still uneven and inconsistent. After grinding with
adaptive variable impedance control based on auto-disturbance rejection, the overall profile
accuracy is further improved, which proves that the adaptive variable impedance control method
based on auto-disturbance rejection proposed in this paper has more advantages than traditional
impedance control in contact force regulation.

(a) (b)

Fig.20 Experimental results: (a) Comparison of specimens before and after machining; (b) Comparison of three-
dimensional profiles

5.3 Grinding experiment of casting surface defects

On the basis of verifying the feasibility of the algorithm proposed in this paper, the grinding
experiments of casting surface defects (casting riser, casting fin) are carried out, and the grinding
track is planned by offline programming, as shown in Fig.21. As shown in Fig.22, the change curve
of contact force during position control and force control grinding is shown in Fig.22(a). It can be
seen that during position control grinding, the contact force fluctuates between-3N and-12N, and
the fluctuation of contact force is relatively large. Based on this, superimposed force control is used
for grinding, and the expected contact force is set to -4N. As shown in Fig.22(b), the contact force
fluctuates between-3N and-5N during grinding, and the fluctuation of contact force is obviously
reduced. The average error of contact force is 7.59%.

Fig.21 Robot grinding track: (a) casting fin grinding track;(b) casting riser grinding track
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Fig.22 Contact force for casting fin grinding: (a) position control; (b) force control

The effect before and after casting fin grinding is shown in Fig.23. After grinding by position
control, overgrinding phenomenon occurs, and the contour accuracy is poor. Measure the casting
fin height before and after grinding. Take 15 measurement points, and the measurement results are
shown in Fig.24(a). From the measurement results, it can be seen that overgrinding occurs in many
places from Omm to 1.5mm after grinding by position control. After the force-controlled grinding,
the overall contour accuracy is improved, the contour of the casting fin area after the force-
controlled grinding is basically consistent with the surface of the casting substrate, and the residual
height of the casting fin is distributed between-0.5mm and 0.5mm. The result is shown in Fig 24(b),
and the contour accuracy is good.

Fig.23 Comparison of casting fin grinding effects:(a) position control; (b) force control
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Fig.24 Casting fin height variation: (a) position control; (b) force control

The curve of contact force variation during riser grinding of castings is shown in Fig.25. When
position control grinding is adopted, the contact force fluctuates between ON~-18N, and the
fluctuation of grinding force is large, resulting in obvious robot shaking and poor stability during
the whole grinding process. According to the experimental results, the expected contact force is-
10N, and the contact force fluctuates between-9N and -11N. The average contact force error is
5.31%, which effectively improves the stability of grinding process.
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Fig.25 Riser grinding contact force: (a) position control; (b) force control

After force control grinding, the point cloud model before and after grinding is obtained by a
handheld 3D laser scanner. Three sections are taken respectively, the section positions are shown in
Fig.26. The contour changes before and after processing are compared, the results are shown in
Fig.27. The black contour line in the figure is the riser contour before grinding, the blue is the riser
contour curve after grinding, and the green is the casting matrix contour. The contour after grinding
in the riser area is basically consistent with the casting matrix contour. It shows that the contour
accuracy after force-controlled grinding can meet the processing requirements of the casting. The
physical comparison before and after grinding is shown in Fig.28.
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Fig.27 Comparison of profiles before and after riser grinding:(a) section 1; (b) section 2 ;(c) section 3

Fig.28 Comparison of physical model before and after grinding: (a) before grinding;(b) after grinding



6 Conclusions

In order to solve the problems of low flexibility in the process of robot grinding casting surface
defects and insufficient adaptive adjustment ability of robot grinding constant force when facing
unknown environment or inaccurate environmental information, an adaptive variable impedance
control method for robot grinding constant force with real-time prediction of unknown
environmental parameters is proposed:

(1) The proposed control method uses auto-disturbance rejection impedance control as inner
loop control, then fuzzy adaptive control as outer loop control, and the combination of inner loop
and outer loop control forms a closed loop control to realize adaptive constant force control of robot
grinding operation.

(2) Matlab-Simulink simulation model is used to build the algorithm. Simulation results show
that compared with traditional impedance control, the proposed method has better control effect on
contact force in complex environment, and the steady-state error and overshoot are smaller. The
impact of grinding tool on workpiece surface is effectively reduced, which verifies the feasibility
and effectiveness of the proposed method.

(3) The results show that the average grinding force error of the proposed method is 5.72%,
and the fluctuation of grinding force is reduced by 15.61% compared with the traditional impedance
control. The results show that the average grinding force error of casting fin grinding is about 7.59%,
the average grinding force error of casting riser grinding is about 5.31%, and the profile accuracy
after grinding can meet the requirements, which verifies the feasibility of this method in the process
of grinding casting surface defects.



Acknowledgments

This work was supported by the National Natural Science Foundation of China (No0.52105474,
52375460); Shanxi Scholarship Council of China (N0.2023-58); Fundamental Research Program of
Shanxi Province (N0.202203021212224).

Declarations

Ethical approval: Not applicable.

Consent to Participate: Not applicable.

Consent to publication: Not applicable.

Authors' contributions: The proposal and realization of this technology were mainly completed
by Xiaolong Ma. Xiuhong Li and Jia Liu provided experimental conditions and guidance on
research directions. Tiangi Wang participated in technical discussions and research. Other authors
participate in the research.

Funding: This work was supported by the National Natural Science Foundation of China
(N0.52105474, 52375460); Shanxi Scholarship Council of China (N0.2023-58); Fundamental
Research Program of Shanxi Province (N0.202203021212224).

Conflicts of interest/Competing interests:

Financial interests: Author Xiaolong Ma have received research support from the funding.
Non-financial interests: Authors Tianqi Wang and Jia Liu, Xiuhong Li, Fengyi Guo did not get
paid from the funding.

Availability of data and material: All data generated or analyzed during this study are included in
this published paper.

Code availability: Not applicable.



References

1.
2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

R.alexandre, michael(2007) Casting: an analytical approach. SpringerVerlag, London.

A.Verl, A.Valente, S.Melkote, et.al, Robots in machining, CIRP Ann. Manuf. Technol. 68 (2019) 799-822.
Wei J, Wang L H (2019) Industrial robotic machining: a review, Int. J. Adv. Manuf. Technol. 103:1239-1255.
https://doi.rog/10.1007/s00170-019-03403-z

Ke X L,YuY H, Li K S, et al (2023) Review on robot-assisted polishing: status and future trends, Robot.
Comput. Integr. Manuf. 80, 102482. https://doi.org/10.1016/j.rcim.2022.102482

Zhu D H, Feng X Z, Xu X H, et al (2020) Robotic grinding of complex components: a step towards efficient
and intelligent machining — challenges, solutions, and applications, Robot. Comput. Integr. Manuf. 65: 101908.
https://doi.org/10.1016/j.rcim.2019.101908

Wang M, Chen K X, Wang P F, et al (2024) Teleoperation mode and control strategy for the machi

ning of large casting parts,Robotics and Computer-Integrated Manufacturing,86: 102690. https://doi.org/
10.1016/j.rcim.2023.102690.
Li L, Wang Z J, Zhao J B (2022) Research on contact force impedance control method of blisk gri

nding and polishing robot. Aeronautical Manufacturing Technology, 65(9):60—68.
Luis G, J.ernesto S,Pau M,et al (2018) Adaptive sliding mode control for robotic surface treatment u

sing force feedback. Mechatronics, 52: 102 - 118. https://doi.org/10.1016/j.mechatronics.2018.04.008

Li J, Guan Y S, Chen H W, et al (2022) Real - time normal contact force control for robotic surfac
e processing of workpieces without a priori geometric model. The International Journal of Advanced
Manufacturing Technology, 119: 2537-2551. https://doi.org/10.1007/s00170-021-07497-2

Xu X H, Chen W, Zhu D H, et al (2021) Hybrid active/passive force control strategy for grinding

marks suppression and profile accuracy enhancement in robotic belt grinding of turbine blade. Robot.
Comput.-Integr. Manuf., 67: 102047. https://doi.org/10.1016/j.rcim.2020.102047
Su X, Xie Y, Sun L, et.al (2022) Constant Force Control of Centrifugal Pump Housing Robot Grindi

ng Based on Pneumatic Servo System. Appl. Sci. 12:9708.

Ke X L, Yu Y H, Li K S, et al (2023) Review on robot-assisted polishing:Status and future trends.
Robot. Comput.-Integr. Manuf. 80: 102482. https://doi.org/10.1016/j.rcim.2022.102482

Ai-shuka H F, Leonhardt S, Zhu W H, et al (2018) Active impedance control of bioinspired motion

robotic manipulators: An overview. Appl. Bionics Biomech. 2018: 8203054. https://doi.org/10.1155/201
8/8203054

Cheng F, Geok S H, Zhao J, et al (2019) The integral sliding mode control of a pneumatic force se
rvo for the polishing process. Precis. Eng.-J. Int. Soc. Precis. Eng. Nanotechnol. 55: 154-170. https://
doi.org/10.1016/j.precisioneng.2018.09.001

Ma Z, Poo A N, Marcelo H A, et al (2018) Design and control of an end-effector forindustrial finis
hing applications.Robot. Comput.-Integr. Manuf. 53: 240-253. https://doi.org/10.1016/j.rcim.2018.04.010

Hogan, N. (1984). Impedance control: an approach to manipulation. In 1984 American Control Confe

rence (pp. 304-313). IEEE. https://doi.org/10.23919/acc.1984.4788393

Bu Y C, Wu J H (2021) Auto - tuned admittance control for robot drilling with constrained force ov
ershoot. In: 2021 27th International Conference on Mechatronics and Machine Vision in Practice (M2
VIP), 12:322 - 327.

Guo Y D, Tian Y, Wang H P (2022) Learning - based adaptive optimal impedance control to enhanc
e physical human - robot interaction performance. International Journal of Control, Automation and S

ystems, 20(9), 3053 - 3062. https://doi.org/10.1007/s12555-020-0852-4

Duan J J, Gan Y H, Chen M, et al (2018) Adaptive variable impedance control for dynamic contact


https://doi.org/10.1016/j.rcim.2022.102482
https://doi.org/10.1016/j.rcim.2019.101908
https://doi.org/10.1016/j.rcim.2023.102690
https://doi.org/10.1016/j.rcim.2023.102690
https://doi.org/10.1016/j.mechatronics.2018.04.008
https://doi.org/10.1007/s00170-021-07497-2
https://doi.org/10.1016/j.rcim.2020.102047
https://doi.org/10.1016/j.rcim.2022.102482
https://doi.org/10.1155/2018/8203054
https://doi.org/10.1155/2018/8203054
https://doi.org/10.1016/j.precisioneng.2018.09.001
https://doi.org/10.1016/j.precisioneng.2018.09.001
https://doi.org/10.1016/j.rcim.2018.04.010
https://doi.org/10.23919/acc.1984.4788393
https://doi.org/10.1007/s12555-020-0852-4

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

force tracking in uncertain environment. Robotics and Autonomous Systems, 102: 54-65. https://doi.
org/10.1016/1.robot.2018.01.009

Shen Y C, Lu Y, Zhuang C G (2022) A fuzzy-based impedance control for force tracking in unkno
wn environment. J Mech Sci Technol 36: 5231-5242. https://doi.org/10.1007/s12206-022-0936-6

Kakinuma Y, Ogawa S, Koto K (2022) Robot polishing control with an active end effector based on
macro-micro mechanism and the extended Preston's law. CIRP Annals, ,71(1):341. https://doi.org/10.1
016/j.cirp.2022.04.074

Lakshminarayanan S, Kana S, Mohan D M, et al (2021) An adaptive framework for robotic polishin
g based on impedance control. The International Journal of Advanced Manufacturing Technology, 112

(1/2):401. https://doi.org/10.1007/s00170-020-06270-1

Kana S, Lakshminarayanan S, Mohan D M, et al (2021). Impedance controlled human-robot collabor
ative tooling for edge chamfering and polishing applications. Robotics and Computer- Integrated Man
ufacturing, 72:102199. https://doi.org/10.1016/j.rcim.2021.102199

Zhu R F, Yang G L, Fang Z J, et al (2022) Hybrid orientation / force control for robotic polishing

with a 2 R1 T force- controlled end-effector. The International Journal of Aavanced Manufacturing T

echnology, 121(3/4):2279. https://doi.org/10.1007/s00170-022-09407-6

Zhang G L, Yang G L, Deng Y M, et al (2022) Modeling and force control of a pneumoelectric en
d-effector for robotic continuous contact operations. The International Journal of Advanced Manufactu

ring Technology,2022,121(1/2):1219. https://doi.org/:10.1007/s00170-022-09413-8

Domroes F, Krewet C, Kuhlenkoetter B (2013) Application and analysis of force control strategies to
deburring and grinding. Mod Mech Eng, 3(6):11-8.

Roveda L, Pedrocchi N, Tosatti L M (2016) Exploiting impedance shaping approaches to overcome f
orce overshoots in delicate interaction tasks. Int J Adv Robo Syst, 13(5):1-11. http://dx.doi.org/10.117
7/1729881416662771

Roveda L, Pallucca G, Pedrocchi N, et al (2017) Iterative learning procedure with reinforcement for
high-accuracy force tracking in robotized tasks. IEEE T Ind Inform, 99:1-11. https://doi.org/10.1109/ti
1.2017.2748236

An B Z, Zhang H Y, Wang J, et al (2022) Adaptive neural synchronized impedance control for coo
perative manipulators processing under uncertain environments. Robotics and Computer - Integrated M

anufacturing, 75: 102291. https://doi.org/10.1016/j.rcim.2021.102291

Portillo - vélez R J, Rodriguez - angeles, Cruz - villar (2015) An optimization - based impedance appr
oach for robot force regulation with prescribed force limits. Mathematical Problems in Engineering, 1

- 13. https://doi.org/10.1155.2015/918301

Zhang T, Yuan C, Zou Y B (2023) Research on the algorithm of constant force grinding controller
based on reinforcement learning PPO. Int J Adv Manuf Technol 126, 2975-2988. https://doi.org/10.10
07/s00170-023-11129-2

Xu C G, Kim H B, Jin H Z (2023) Force Control of a Grinding Robotic Manipulator With Floating
Base Via Model Prediction Optimization Control, IEEE/ASME Transactions on Mechatronics,28(4): 1
911-1919. https://doi.rog/0.1109/tmech.2023.3276220

Zhao W, Xiao J L, Liu S J (2023), Robotic direct grinding for unknown workpiece contour based o
n adaptive constant force control and human-robot collaboration, Industrial Robot, 50(3): 376-384. htt

ps://doi.rog/10.1108/ir-01-2022-0021

Cheng J, Wu J, Gong Y D (2017) Grinding forces in micro slot-grinding (MSG) of singlecrystal sap
phire. Int J Mach Tools Manuf, 112:7-20. https://doi.org/10.1016/j.ijmachtools.2016.10.004



https://doi.org/10.1016/j.robot.2018.01.009
https://doi.org/10.1016/j.robot.2018.01.009
https://doi.org/10.1007/s12206-022-0936-6
https://doi.org/10.1016/j.cirp.2022.04.074
https://doi.org/10.1016/j.cirp.2022.04.074
https://doi.org/10.1007/s00170-020-06270-1
https://doi.org/10.1016/j.rcim.2021.102199
https://doi.org/10.1007/s00170-022-09407-6
https://doi.org/:10.1007/s00170-022-09413-8
http://dx.doi.org/10.1177/1729881416662771
http://dx.doi.org/10.1177/1729881416662771
https://doi.org/10.1109/tii.2017.2748236
https://doi.org/10.1109/tii.2017.2748236
https://doi.org/10.1016/j.rcim.2021.102291
https://doi.org/10.1155.2015/918301
https://doi.org/10.1007/s00170-023-11129-2
https://doi.org/10.1007/s00170-023-11129-2
https://doi.rog/0.1109/tmech.2023.3276220
https://doi.rog/10.1108/ir-01-2022-0021
https://doi.rog/10.1108/ir-01-2022-0021
https://doi.org/10.1016/j.ijmachtools.2016.10.004

35.

36.

37.

38.

39.

40.

Zhang S,.Dong Y T, Ouyang Y C, et al (2016) Adaptive neural network control of coordinated robot
ic manipulators with output constraint. IET Control Theory & Applications, 10(17):2271. https://doi.ro
£/10.1109/tnnls.2018.2803827

Kana S, Lakshminarayanan S, Mohan D M, et al (2021) Impedance controlled human-robot collabora
tive tooling for edge chamfering and polishing applications. Robotics and Computer- Integrated Manu

facturing, 72:102199. https://doi.rog/10.1016/j.rcim.2021.102199

Xu Peng, Zhang Z H, Li B, et al (2017) Kinematics analysis of a hybrid manipulator for computer
controlled ultra-precision freeform polishing. Robotics and Computer-Integrated Manufacturing, 44:44-5

6. https://doi.org/10.1016/j.rcim.2016.08.003

Zhu D H, Feng X Z, Xu X H, et al (2020) Robotic grinding of complex components: A step towar
ds efficient and intelligent machining-challenges, solutions, and applications. Robotics and Computer-I
ntegrated Manufacturing, 65:101908. https://doi.rog/10.1016/j.rcim.2019.101908

Zeng X, Zhu G Y, Gao Z H, et al (2023) Surface polishing by industrial robots: a review. Int J Ad
v Manuf Technol 125, 3981-4012. https://doi.org/10.1007/s00170-023-10887-3

Ke X L, Yu YH, Li KS, etal (2023) Review on robot-assisted polishing: Status and future trend
s, Robotics and Computer-Integrated Manufacturing, 80:102482. https://doi.org/10.1016/j.rcim.2022.1024
82.



https://doi.rog/10.1109/tnnls.2018.2803827
https://doi.rog/10.1109/tnnls.2018.2803827
https://doi.rog/10.1016/j.rcim.2021.102199
https://doi.org/10.1016/j.rcim.2016.08.003
https://doi.rog/10.1016/j.rcim.2019.101908
https://doi.org/10.1007/s00170-023-10887-3
https://doi.org/10.1016/j.rcim.2022.102482
https://doi.org/10.1016/j.rcim.2022.102482

