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Abstract  Industrial manufacturing operations, such as grinding and polishing, are charac-
terized by relatively constant contact force. In this article, a fuzzy-based adaptive impedance is 
proposed, which can grind or polish workpieces of different materials with constant contact
force. The environmental parameters are estimated by iterative calculation with recursive least 
squares (RLS). The impedance parameters, such as damping and stiffness, are taken as the 
outputs of the fuzzy controller. The proposed force controller can track the desired force without
the prior knowledge of the environment information. Experiments are conducted in finishing 
tasks using the self-developed industrial robot to verify the adaptive impedance control. The 
environmental parameters are instantly estimated for the following adjustment of the imped-
ance parameters, and the real time contact force shows that the adaptive fuzzy logic imped-
ance controller can achieve better performance with the oscillation below 2 N as the machining 
surface of the workpiece is not predefined. 

 
1. Introduction   

With the fast development of the robot technology, robotic research has achieved numerous 
advances in the industrial manufacturing industry. The tasks which need interactions with the 
external environment are challenging for the industrial robots. Also, the human operators can 
hardly compensate accurately for the subtle position or the force error.  

To handle the above-mentioned issues, the adaptive force control is necessarily in robot 
manufacturing field with the desired force while the desired trajectories are followed [1]. Seraji 
and Colbaugh [2] proposed a trajectory correction scheme, and an adaptive technology was 
used to estimate the environmental stiffness and adjust the controller gain to compensate the 
known environmental stiffness. The force tracking was obtained by using the extended Kalman 
filter in Ref. [3] and the control gain was analytically defined based on the estimation of the 
stiffness. The position-based impedance controller was studied in Ref. [4] to track the desired 
force by using the adaptive environmental estimated parameters. In addition, the variable im-
pedance control is also a good choice. The basic principle of the variable impedance control is 
to adjust the impedance parameters according to the force feedback information. A model free 
reinforcement learning method was proposed in Ref. [5], which can learn the variable imped-
ance control of robot system for optimal control. Kronander and Billard [6] presented an online, 
incremental algorithm for learning the variable stiffness.  

In recent years, scholars have done a lot of theoretical and practical researches on the noise 
and error of the robot impedance control under the unknown properties of the external envi-
ronment and position [7, 8]. Na [9] proposed a new impedance force control model of a haptic 
device for teleoperation. Zhu and Barth [10] used the principle of the sliding mode control to 
design a control algorithm for the end contact force of the manipulator and optimized the con-
stant contact force to achieve a stable effect. Panwar and Sukavanam [11] studied the state 
equation of the robot, they built the control framework of the robot by the optimal theory and the 
synovial control algorithm. At the same time, they compensated the dynamic parameters using 
the network, and improved the identification accuracy and the stability of the control algorithm. 
Cao et al. [12] proposed the adaptive hybrid impedance control algorithm for the contact force  
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tracking in uncertain environments. 
In a hybrid position/force controller for surface finishing, the 

position is generally regulated along the surface, while the 
force is usually controlled in normal directions. For the position 
control in the robot machining, the hybrid control requires accu-
rate knowledge of surface geometry to yield a good surface 
finish. Surdilovic [13] utilized CAD/CAM software to generate 
paths for milling and grinding very hard materials like Inconel, 
and proposed a combination of force and feed control for pol-
ishing the hard materials. Bonilla et al. [14] performed path 
tracking maneuvers using the impedance control on industrial 
robots. A comprehensive overview related to the robot force 
control can be found in Ref. [15]. The force control strategies 
and the hybrid position/force control of robotic manipulators 
have been extensively deployed for finishing processes includ-
ing deburring, polishing and grinding. Nagata et al. [16] has 
made many achievements related to the grinding and polishing 
algorithms. The control algorithm suitable for surface constant 
force tracking was applied to the actual grinding and polishing 
processing, and the force/position hybrid control algorithm was 
adopted to ensure the uniformity of grinding quantity and ma-
chining accuracy. Domroes et al. [17] applied the force control 
module in controller to grind and polish, and studied and ana-
lyzed the process parameters by comparing the effects under 
the force and position control. In a pioneering work, Kazerooni 
et al. [18] developed and implemented the impedance control 
methodology for deburring and grinding. Later, Wang et al. [19] 
developed an adaptive framework based on the impedance 
control in which the cutting force and the feed rate were ad-
justed automatically to obtain better quality, in which a model 
was developed to predict the cutting force. 

The fuzzy logic control with expert expertise has been inte-
grated into the robot controller with the development of artificial 
intelligence algorithms. The hybrid position/force control based 
on the fuzzy control was proposed for obtaining the desired 
chamfer depth by Hsu and Fu [20]. A fuzzy-PI controller was 
integrated into the variable impedance algorithm, which was 
applied to the robot trimming system [21]. Li et al. [22] pro-
posed a fuzzy adaptive admittance control algorithm and ap-
plied it to the UR5 manipulator, which achieved better perform-
ance in the uncertain contact environment. 

In the above research, the input of the fuzzy logic control is 
the force tracking error and its first derivative. When the deriva-
tive of the force tracking error is prone to a peak value, it will 
cause input saturation of the fuzzy logic controller, alter the 
controller output resolution, and reduce the force control preci-
sion. Furthermore, the preceding technique employs the fuzzy 
logic control to alter the impedance parameters without taking 
into account the environmental information. Thus, previous 
research considered the significant effect of the environmental 
conditions on force control performance. 

Recently, the neutrosophic logic/statistics [23-28] were pro-
posed to study the fuzziness and uncertainty factors in natural 
data which can be regarded as an extension of the fuzzy logic. 
In the complex scenarios, the neutrosophic logic has better 

discrimination than the fuzzy logic. Some works in Refs. [23-
28] have made lots of achievements in neutrosophic 
logic/statistics. The existing environmental parameter estima-
tion method [29] models the external environment in contact 
with the robot as a system composed of stiffness and damping, 
and the complex nonlinear nature of the environment and 
some other influencing factors are ignored. Although this 
method loses certain accuracy, it has been proved to be effec-
tive in practice. In this article, due to the simplification of the 
environmental model, there are relatively few influencing fac-
tors and parameters for the proposed fuzzy-based impedance 
control. When more complex models and factors are consid-
ered, the neutrosophic logic/statistics [23-28] can be adopted to 
optimize the adaptive impedance control algorithm. 

In this article, an adaptive impedance control method, that 
uses the fuzzy control and applies environmental parameter 
estimation, is proposed to refine the force control performance 
for robot machining. The main contributions are listed as fol-
lows: 

The adaptive impedance control model is proposed based 
on the fuzzy control. The fuzzy-based controller adjusts the 
stiffness and the damping parameters, which effectively im-
proves the response speed and the stability of the control law. 

In the fuzzy control model, the fuzzy architecture is con-
structed with the contact force and the environmental parame-
ters, which are estimated by the RLS, as inputs. This model 
can keep constant force tracking in the unknown environment. 

Numerical simulations and experiments are conducted to 
verify the effectiveness of the proposed method. The constant 
force tracking error is reduced, which shows the feasibility of 
this method in practical application. 

This article uses the fuzzy logic to improve the control per-
formance of contact force between robot and environment. The 
proposed method can be potentially applied to industrial 
scenes where robots are in contact with the external environ-
ment, such as robot assembling, robot machining and human-
robot cooperation. Especially in human-robot cooperation, the 
performance of the contact force control will affect people’s life 
safety. 

 
2. Preliminaries 

In this section, the interaction model between robot and envi-
ronment is introduced as follows. The dynamics model of a 
robot manipulator can be written as follows: 

 
( ) ( ) ( ), eI x x C x x x g x u f+ + = +  (1) 

 
where x is the location of the end-effector’s manipulator. ( )I x  
and ( ), N NC x x ×∈  are the inertia and the Coriolis/centrifugal 
matrix, ( ) 1Ng x ×∈ is the gravitational vector. Moreover, u  
and ( ) 1N

ef x ×∈  are the control inputs, and the external force 
vector at the end-effector [30]. The environment can be con-
sidered as a second order mass-spring-damper system. How-
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ever, in this article, for the sake of simplicity, the environment is 
modeled by a single spring: 

 

( )
0,

,
e e

e e e e

f x x
f k x x x x

=   ≤⎧⎪
⎨ = −   >⎪⎩

  (2) 

 
where ex  is the location of the environment, x  is the end-
effector’s location of the manipulator, ek  is the stiffness pa-
rameter of environment. The specified positive direction is 
shown in the Fig. 1. 

 
3. Proposed method 

To handle the issue of the undefined machining workpiece’s 
surface, a new adaptive impedance control algorithm is pro-
posed to enhance the interaction control between the robot and 
the unknown changing environment. This method can improve 
the force tracking performance. Compared with the previous 
literature [12, 30], the environmental parameter estimation and 
the impedance parameter tuning based on the fuzzy logic are 
integrated to the framework of the impedance control to 
achieve the adaptive force control in this article. 

The first three parts of Sec. 3 introduce the submodules of 
the proposed method. The impedance control is presented at 
first. Then, the parameters of the unknown variable environ-
ment are estimated. Sec. 3.4 gives the proposed framework of 
the adaptive fuzzy impedance control, which is the main work 
of this article. In addition, the adjustment rules of the adaptive 
impedance control are given. 

 
3.1 Impedance control 

The robot impedance control model in task space can be 
written as follows: 

 
( ) ( ) ( ) ( )

( ) ( ) ( ),
d d

d

t t t t

t t t

⎡ ⎤ ⎡ ⎤− + −⎣ ⎦ ⎣ ⎦
                              + ⎡ − ⎤ =⎣ ⎦

M X X B X X

K X X E
  (3) 

( ) ( ) ( )d et t t= −E F F  (4) 
 

where ( )tX , ( ) 1N

d
t ×∈X  are the command and the desired 

positions of the end-effector’s manipulator. , , N N×∈M B K are 
the inertia, damping and stiffness matrix, ( )d tF  is the desired 
external force [31]. 

When the contact between robot and environment reaches a 
steady state, dX , X , dX  and X  are all equal to zero. sub-
stituting the above conditions into Eq. (4), and considering the 

case of single dimension: 
 

( ) ( )d d e e dk x x k x x f− = − − . (5) 
 
Then, after rearrangement: 
 

d e d
d e

d e d e d e

k k fx x x
k k k k k k

= + +
+ + +

.  (6) 

 
Substituting Eq. (6) into the definition of force tracking error 

Eq. (4) yields: 
 

d
ss eq e d

e

fe k x x
k

⎛ ⎞
= − +⎜ ⎟

⎝ ⎠
  (7) 

 
where dk  is the stiffness parameter of the impedance control-
ler, ek  is the stiffness parameter of environment, eqk  is the 
equivalent stiffness with ( )eq d e d ek k k k k= + . 

Therefore, it can be deduced that when the system is stable, 
the contact force is: 

 

1 .

ss r ss

d e d
eq r e d r

d e d e

eq d e d
d

f f e

k k kk f x x f
k k k k

k f x x
k

= −

⎛ ⎞+     = − + −⎜ ⎟
⎝ ⎠
⎛ ⎞

     = − +⎜ ⎟
⎝ ⎠

  (8) 

 
In order to make the error of contact force tend to zero when 

the system is stable, the desired trajectory needs to be satis-
fied. Therefore, the environment location ex  and the ambient 
stiffness ek  need to be known to calculate the desired trajec-
tory dx . However, in the actual application scenario, the envi-
ronment location ex  and stiffness ek  are difficult to be ob-
tained, so the deviations of ex  and ek  between the real value 
and the estimated value are considered. The deviation of the 
environmental position is defined as ˆe e ex x xΔ = − . The devia-
tion of the environmental stiffness is given as ˆ

e e ek k kΔ = − . At 
this time, the desired trajectory represented by the estimated 
value of the environmental parameters is: ˆˆ /d e d ex x f k= + . 
Then the steady-state error of the force calculated from the 
estimated value of the environmental parameters is written by: 

 

.ˆ
d e

ss e e d
d e e

k ke k x f
k k k

⎛ ⎞Δ= Δ −⎜ ⎟⎜ ⎟+ ⎝ ⎠
  (9) 

 
When the deviation exΔ  of the environmental position is 

small, if the environmental stiffness ek  is large enough, the 
steady-state error of the generated force will also be large. 
Therefore, to control the magnitude of the steady-state error, it 
is necessary to estimate the environmental stiffness, position, 
and other information first. The on-line estimation algorithm of 
the external environment is very necessary, and the steady-

 
Fig. 1. The specified positive direction. 
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state error can be controlled by the algorithm. 

 
3.2 RLS algorithm for estimation of environment 

Consider the external environment model as the mass spring 
damper system: 

 
( ).e e e eF B x K x x= + −   (10) 

 
For ex x xδ = − , the external environment ex  will not 

change over time, therefore, ex = 0, the above formula can be 
written as: 

 
.e e eF B x K xδ δ= +   (11) 

 
The discrete-time counterpart is given as: 
 

1

1

2 1
1e e e

zF B K x
T z

δ
−

−

⎡ ⎤⎛ ⎞−⎛ ⎞= +⎢ ⎥⎜ ⎟⎜ ⎟ +⎝ ⎠⎝ ⎠⎣ ⎦
  (12) 

 
where T is the sampling period. The equation can be expanded 
into a polynomial of z. By recognizing that 1z−  represents the 
offset of one step in the time domain, let k represents the time 
step index, and the corresponding difference equation is: 

 
[ ] [ 1]

[ ] [ 1]

[ ] [ 1]

2 2

.

e k e k

e e k e e k

k k

F F

B K x K B x
T T
x x

δ δ

αδ βδ

−

−

−

+

⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞     = + + −⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦
     = +

  (13) 

 
The above formula can be expressed as: [ ] [ ] [ ]

T
k k ky φ θ= , with 

[ ] [ ] [ 1]k e k e ky F F −= + , [ ] [ ] [ 1]

T

k k e k ex x x xφ −⎡ ⎤= − −⎣ ⎦ , and [ ]kθ =  
[ ]Tα β . 

The RLS solution for [ ]kθ  takes the following form: 
 

( )[ ] [ 1] [ ] [ ] [ ] [ 1] ,T
k k k k k kL yθ θ φ θ− −= + −  (14) 

[ 1] [ ]
[ ]

[ ] [ 1] [ ]

,k k
k T

k k k

P
L

P
φ

λ φ φ
−

−

=
+

  (15) 

[ 1] [ ] [ ] [ 1]
[ ] [ 1]

[ ] [ 1] [ ]

1 T
k k k k

k k T
k k k

P P
P P

P
φ φ

λ λ φ φ
− −

−
−

⎛ ⎞
= −⎜ ⎟⎜ ⎟+⎝ ⎠

  (16) 

 
where [ ]kL  is the coefficient of the adaptive gain in the time 
estimation algorithm, the initial guess for the adaptation gain 
matrix P and the weighting factor ( )λ λ≤ ≤0 1  must be speci-
fied by the user. The value of the weighting factor will deter-
mine the proportion of the data collected before the time k. 
When the value of λ  is reduced, the influence of the previ-
ously collected data on the covariance matrix is smaller and 
more sensitive to the latest data. Therefore, when the external 
environment does not change or the change of environmental 
parameters is very small, the value of forgetting factor should 
be slightly less than 1. 

Under this selection condition, the previously collected data 
can provide reference value for the estimated environmental 
parameters. If the weighting factor is large, it can increase the 
robustness to the noise brought by the external environment. 
At the same time, in the case of variable environmental stiff-
ness, the first collected data will be expected to have less im-
pact on the estimated value of environmental parameters. 
Therefore, in this case, it is necessary to select smaller weight-
ing factor λ  to ensure that the algorithm meets the ability of 
variable parameter calculation: 

 
( ) [ ] [ ]

[ ] min max min

T
k ke e

k e βλ λ λ λ −= + +   (17) 

 
where minλ  and maxλ , respectively, represent the minimum 
and maximum values of the weighting factor in the selected 
range, and β  is the parameter to adjust the response speed 
and the error of the system. Therefore, when the transforma-
tion of the external environment is small or basically un-
changed, the estimation error is also small. At this time, the 
maximum value of the forgetting factor should be selected to 
effectively suppress the interference of external noise on the 
estimated value. On the contrary, when the external environ-
ment constantly changes, the estimation error will also become 
larger, and the minimum value of the forgetting factor should 
be selected, it can reduce the impact of the previously collected 
data on the estimated value, improve the ability of real-time 
change of the estimated value, and increase its response 
speed. 

Once [ ]kθ  has been calculated (and subsequently α , β ), 
the desired parameter estimated at the kth sample period can 
be recovered by using: 

 
( )

( )
/ 2

/ 4
e

e

K
B T

α β
α β

⎧ = +⎪
⎨ = −⎪⎩

. (18) 

 
3.3 Unknown variable environment 

Due to the unknown environmental information, it is difficult 
to propose the desired trajectory dx . In this work, two main 
interactive environment information are not available, including 
the location and stiffness of the environment. In fact, it can be 
assumed that the environment changes with time. Therefore, 
the robot should be able to maintain contact with the variable 
environment. Thus, the one-dimension interaction force is re-
written as: 

 
d x d x d x e dm e b e k e f f+ + = −   (19) 

 
where x ee x x= −  is expressed as the difference between the 
end position of the manipulator and the environment position, 
ef  is the interaction force at the end-effector with the environ-

ment, df  is the desired force [19]. 
When the desired contact force is zero and the end of the 
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manipulator is just in contact with the environment, it means 
that ssfΔ = 0 when x ee x x= − = 0. In this case, the external 
environment with arbitrary stiffness can meet the requirements. 
However, when the desired contact force is df ≠ 0 and the 
robot contacts the surface of the environment, it can be ob-
served that ex x≠  and ssfΔ ≠ 0. In order to make the force 
error at the end of the manipulator in contact with the external 
environment tend to zero, set dk = 0, yields: 

 
e d d x d xf f f m e b eΔ = − = + .  (20) 

 
After simplifying, it yields: 
 

( ) ( ) .d e d e e dm x x b x x f f− + − = −   (21) 
 
For arbitrary environmental stiffness dk , the appropriate pa-

rameters dm  and db  can be selected to make the above 
formula set up. Therefore, in impedance control, when the 
stiffness parameter dk = 0, the error of force at the final stabil-
ity is always 0. 

When the external environment is a plane, e ex x= = 0, the 
equation can be simplified as: 

 
.d d e dm x b x f f+ = −   (22) 

 
Currently, the system is stable and ssfΔ = 0. 
When the external environment is a complex surface, 
ex changes over time with x ≠ 0 and ex ≠ 0. Therefore, the 

location of the external environment ex  needs to be estimated. 
It can be assumed that the estimated value of the location of 
the external environment is ˆex  and the uncertainty of the envi-
ronment position is exδ , which yields ˆe e ex x xδ= − . Currently, 
the trajectory error estimation ˆ ˆx ee x x= −  is rewrites as 
ˆx x ee e xδ= + . Also, the uncertainty of the interaction force is 
fδ  for the unknown stiffness of the environment with 
f e de f f= −  and ˆ f fe e fδ= + . The equation of impedance 

control can be simplified as: 
 

( ) ( ) .d x e d x e fm e x b e x e fδ δ δ+ + + = +   (23) 
 
By adjusting the damping parameters db  in the impedance 

control in real time, the steady-state error of the final contact 
force tends to zero [32]. 

 
3.4 Adaptive fuzzy impedance control 

The adaptive fuzzy impedance control algorithm in this sec-
tion is based on the preceding three portions. The adaptive 
fuzzy impedance control schematic is shown in Fig. 2. In the 
proposed method, the environmental parameter estimation and 
the impedance parameter tuning based on the fuzzy logic are 
added to the framework of the impedance control to achieve 
the adaptive adjustment of the impedance control parameters. 
The contact force is obtained by the force/torque sensor, and 

the end effector position is calculated through the kinematics. 
The parameters of the environment are calculated by the con-
tact force and the end effector position, and they are put into 
the fuzzy model to get the change value of the impedance 
parameters. 

To make fe = 0, the adaptive impedance used the fuzzy 
control [33, 34] as an online method in order to compensate 
the error of the estimation. To achieve this goal, the damping 
coefficient is used as an adaptive parameter to modify the im-
pedance model. It is not recommended to set the inertia pa-
rameter because it is easy to cause system oscillation. If the 
range of the adjusted damping parameter db  is dbΔ and the 
range of the adjusted stiffness parameter dk  is dkΔ  [35], the 
rules of the fuzzy impedance parameter adjustment are given 
in Table 1 and the fuzzy rules are given in Fig. 3. 

The impedance parameters bd and kd change under the 
fuzzy control when the interaction between the end-effector of 
the industrial robot and the environment occurs. After that, the 

Table 1. Rules of fuzzy impedance parameter adjustment. 
 

E\EC NB NM NS Z0 PS PM PB 

NB NB NM NS Z0 Z0 Z0 Z0 

NM NB NM NS Z0 Z0 Z0 PS 

NS NB NS NS Z0 Z0 PS PM 
Z0 NB NB NS Z0 PS PB PB 

PS NM NS Z0 Z0 PS PM PB 

PM NS Z0 Z0 Z0 PS PM PB 
PB Z0 Z0 Z0 Z0 PS PM PB 

 

 
Fig. 2. The adaptive fuzzy impedance control schematic. 

 

 
 
Fig. 3. The designed fuzzy rules. 
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stiffness parameter kd starts to approach to 0, because the 
desired error of force at the final is 0. The proposed method 
improves the performance of the force control while consider-
ing the environmental information. 

 
4. Experiments 
4.1 Experimental setup 

To verify the feasibility of the adaptive impedance control al-
gorithm, a 6-DOF independent developed industrial robot is 
used in the following experiments. The Denavit-Hartenberg 
(DH) parameters are calibrated by using the Leica Absolute 
Tracker AT960, and they are presented in Table 2. 

In this industrial robot, the maximum payload is 4 Kg and the 
operation radius is 630 mm. In servo system, the motors in 
joints 1-3 are Panasonic MSMF042L1V2M and the motors in 
joints 4-6 are Panasonic MSMF012L1V2M. Also, the drivers in 
joints 1-3 are Panasonic MBDLN25BE and the drivers in joints 
4-6 are Panasonic MADLN05BE. The controller of this robot is 
a Beckhoff industrial computer C6930 with the operating sys-
tem Windows 10 and the communication bus EtherCAT. The 
software platform is TwinCAT3 and the PLC cycle time is 1 ms. 

 
4.2 Sensitivity analysis 

The sensitivities of the impedance parameters and the envi-
ronmental stiffness are investigated, which determines the 
effect of different parameters on the performance of the force 
control. 

The experiment for the constant force tracking is conducted 
on the plane, and the expected force is 20 N. The parameters 
of the impedance control and the environment are changed, 
respectively. As shown in Fig. 4(a), the environmental stiffness 
rises progressively from 10 to 100 and the remaining values 
are fixed. The manipulator’s overshoot of the end contact force 
response curve as well as the reaction speed will steadily rise, 
and the steady-state error will continue to decrease. As shown 
in Fig. 4(b), the inertia parameter is increased from 1 to 50 and 
the other parameters are fixed. As the inertia parameters are 
increased, the overshoot of the end contact force response 
curve steadily increases, and the time required for the system 
to settle becomes longer, while the reaction speed is some-

what decreased. As shown in Fig. 4(c), the damping parameter 
is increased from 50 to 2000 and the other parameters are 
fixed. The overshoots of the response curves of the contact 
force and the speed rapidly diminish as the damping ratio in-
creases. As shown in Fig. 4(d), the stiffness parameter is in-
creased from 1 to 50 and the other parameters are fixed. The 
overshoot of the response curve of the contact force steadily 
diminishes as the stiffness parameter ratio increases, while the 
steady-state error increases and the response speed drops. 

The preceding study demonstrates that adopting proper im-
pedance settings for different environmental stiffnesses can 
improve the robot’s force control performance. The sensitivity 
analysis, as shown in Fig. 4, provides a theoretical foundation 
of the adaptive parameter adjustment algorithms for robot force 
control, such as the fuzzy logic control or the neutrosophic 
logic/statistics. 

 
Table 2. The DH parameters of 6-DoF industrial robot. 
 

Joint ( )iα °  ( )ia mm  ( )id mm  ( )iθ °  

1 90 29.90 379.50 0 
2 0 270.60 0 90 

3 90 69.27 0 0 

4 –90 0 323.30 0 
5 90 0 0 0 

6 0 0 130.64 0 

 

(a) 
 

(b) 
 

(c) 
 

(d) 
 
Fig. 4. The sensitivity analysis on the contact force. 
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4.3 Simulation of the environmental parameter 
estimation 

To illustrate the effectiveness of the online method of the en-
vironmental parameters estimation, the stiffness and the damp-
ing environmental parameters model is added to the imped-
ance control system model in the simulation.  

The simulation framework of the impedance control is built in 
Simulink to simulate the six-axis manipulator in the case of 
contact force interaction with the external environment. The 
environmental parameters are analyzed by collecting the value 
of contact force and the current displacement perpendicular to 
the contact surface. 

As shown in Fig. 5, the simulation experiment of the envi-
ronmental parameter estimation is designed to verify the algo-
rithm. Considering the external environment with high rigidity in 
manufacturing, the environmental stiffness is set to be 
10000 N/m and the environmental damping is set to be 0.1 
Ns/m. For initial value setting in RLSA, the forgetting factor λ  
is set to be 0.9, the covariance matrix of the estimated parame-
ters p (0) at the beginning time is set to be the identity matrix 
with size 2. The simulation time is 2 s and the fundamental 
sample time is set to be 1 ms, so the iterative operation is per-
formed every one millisecond. The value represented by the 
blue line in Fig. 5 is the designed environmental value, and the 
purple line is the current iterative calculation value. It can be 
seen from Fig. 5 that in the first one hundred of iterations, the 
calculated value of the environmental stiffness quickly in-
creases to the designed value. For the environmental stiffness, 
the estimated value reaches 90 % of the designed value after 
80 iterations and it reaches 99 % of the designed value after 
102 iterations. For the environmental damping, the estimated 
value reaches 90 % of the designed value after 42 iterations. 
Considering that the data tends to be stable after 0.1 s, the 
data between 0.1 s and 1 s are used for evaluation. The RMSE 

of the estimated environmental stiffness is 9.2324 N/m, and the 
MAPE of the estimated environmental stiffness is 0.0135 %. 
Also, the RMSE of the estimated environmental damping is 
0.0033 Ns/m, and the MAPE of the estimated environmental 
damping is 1.388 %. Through the result of the simulation, it can 
be considered that after about 100 iterations of ILSM, the esti-
mated environmental value can be regarded as the actual envi-
ronmental value. 

 
4.4 Simulations of impedance control and adap-

tive fuzzy impedance control 

First, the simulation for the constant force tracking is imple-
mented on the plane, and the expected force is 15 N. For the 
impedance control, the inertia parameter is set as 1 Ns2/m, the 
damping parameter is set as 500 Ns/m and the stiffness pa-
rameter is set as 50 N/m, respectively. The adaptive fuzzy 
impedance control is used for comparative experiment, also 
the damping parameter and the stiffness parameter in the im-
pedance control are adjusted in real time. To illustrate the ef-
fectiveness of the proposed method, the conventional imped-
ance control and the proposed adaptive fuzzy impedance con-
trol are compared. As shown in Fig. 6. The blue curve is the 
contact force controlled by the conventional impedance control, 
the red curve is the contact force controlled by the proposed 
adaptive fuzzy impedance control, and the black straight line is 
the expected contact force. 

As shown in Fig. 6(a), the contact forces of the impedance 
control and the adaptive fuzzy impedance control both ap-
proach the desired force little steady-state error. The response 
time of the traditional impedance control is very long, and the 
contact force increases slowly in the process of contact with 
the plane. In contrast, the response time of the adaptive fuzzy 
impedance control is very fast. Within 0.5 s, the contact force 
increases rapidly to the desired force, and it has the overshoot 
about less than 0.5 N, which has a good contact force tracking 
effect. 

Then, the simulation for the constant force tracking is con-
ducted on the curved surface. The force tracking effect of the 
traditional constant impedance control is different from that of 
the previous plane constant force tracking, and the response 
speed is reduced. Although it can eventually become stable 
and close to the expected contact force, its response curve is 
very slow. At the beginning, the contact force increases slowly 
in the process of contact with the plane. In contrast, the re-
sponse speed of the contact force response curve of adaptive 
impedance control has been significantly improved, and the 
expected contact force can be achieved in a shorer time, which 
has a better contact force tracking effect. 

Next, the simulation for the constant force tracking is con-
ducted under the variable environmental stiffness. As shown in 
Fig. 6(c), the expected force is 15 N. For the constant imped-
ance controller, the inertia parameter is set to be 1 Ns2/m, the 
damping parameter is set to be 500 Ns/m and the stiffness 
parameter is set to be 50 N/m, respectively. Under the condi-

 

(a) 
 

(b) 
 
Fig. 5. The estimation of the environmental parameters. 
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tion of the variable environmental stiffness, the contact force 
overshoot of the constant parameter impedance control ex-
ceeds 160 N. At the same time, it takes 2 s for the system to 
enter the stable state, and the final steady-state error is about 
15 N. In contrast, the overshoot of the fuzzy impedance control 
is about 2 N, the system enters a stable state after about 1 s, 
and the final steady-state error is about 1.5 N.  

Finally, as the expected trajectory varies with time, the simu-
lation for the constant force tracking is set up. As shown in Fig. 
6(d), the constant force tracking simulation is carried out to 
make the expected force 15 N. For the constant impedance 
controller, other parameters are fixed as before. When the 
desired trajectory is changed, the contact force overshoot of 
the constant parameter impedance control is (about 0.2 N) 
larger than that of the fuzzy impedance control, and the steady-

state error is (about 0.2 N) larger than that of the fuzzy imped-
ance control. 

 
4.5 Experiment of adaptive fuzzy impedance 

control in the plane 

To verify the effectiveness of the proposed method, an ex-
perimental platform of robot polishing aluminum plates is built 
for verification. Fig. 7 shows the control framework of the adap-
tive fuzzy impedance algorithm. The equipment setups for the 
robot polishing are introduced as follows. The concentric rotary 
polishing machine in this article will rotate at high speed and 
produce strong vibrations. The vibration force of the polishing 
machine can be detected by the ATI six-dimensional force/ 
torque sensor installed at the end of the robot. OPT-252 is 
used for polishing and grinding head. The displacement of the 
air compressor is 560 L/min and the maximum working pres-
sure is 0.7 MPa. There are different specifications (P60-P2000) 
of sandpaper for grinding, and several specifications (W1.5-
W60) related to the polishing paste for polishing. 

The length of aluminum plate is 1000 mm, the width is 100 
mm and the thickness is 3 mm. The material of aluminum plate 
is 6061 aluminum. The aluminum plate plane polishing process 
is shown in Figs. 8 and 9. The robot end effector approaches 
the aluminum plate in the position control mode. The robot then 

 

(a) 
 

(b) 
 

(c) 
 

(d) 
 
Fig. 6. Comparison between the impedance control and adaptive fuzzy 
impedance control. 

 

 
Fig. 7. The control structure of the adaptive fuzzy impedance model. 

 

 
Fig. 8. Polishing of aluminum plate. 
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switches to the impedance control mode to contact the work-
piece. The robot moves back and forth in a cycle of 200 s. The 
final contact force analysis is shown in Fig. 10. The blue line is 
the expected contact force 15 N and the red line is the constant 
force tracking. It can be seen from Fig. 10 that in the polishing 
experiment, there is almost no steady-state error, and the am-
plitude is about 2 N. 

 
4.6 Experiment of adaptive fuzzy impedance 

control in curved surface 

4.6.1 Normal constant force pose adjustment 
The torque measured in the sensor coordinate system is M. 

Through the second-order system, the sensor coordinate sys-
tem is obtained, and the angle correction to be adjusted is 
Δω : 

 

2

1
ms bs k

Δ
+ +

Mω = .  (24) 

 
To facilitate the solution of the robot inverse kinematic algo-

rithm in the real-time controller, the pose adjustment in the end 
sensor’s frame is converted to that in the base frame ΔW : 

 
Δ ΔW R= ω  (25) 
 

where R  is the end pose before the adjustment. 
The above pose adjustment ΔW  can be expressed in the 

form of axis angle θr , where θ  is the length of the vector 
and r  is the unit direction vector. Substituting the antisym-
metric matrix of the rotation vector r  into the Rodrigues’ rota-

tion formula, the rotation matrix ΔR  of end pose correction 
can be written as: 

 
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

2

2

2

1 c c 1 c 1 c
1 c c 1 c 1 c
1 c 1 c 1 c c

x x y z x z y

x y z y y z x

x z y y z x z

r r r r s r r r s
r r r s r r r r s
r r r s r r r s r

θ θ θ θ θ θ
θ θ θ θ θ θ
θ θ θ θ θ θ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

− + − − − +
Δ − + + − − −

− − − + − +
R =  

 (26) 
 

where sθ  and cθ  denote sinθ  and cosθ , respectively. 
Thus, after the adjustment, the following new end-effector pose 
is obtained: 

 

0 1

Δ ⋅⎡ ⎤= ⎢ ⎥⎣ ⎦

R R p
T  (27) 

 
where p  is the end position before the adjustment. The new 
end-effector pose can be solved in the robot controller by the 
kinematic algorithm. 

 
4.6.2 Grinding in the curved surface 

To verify the effectiveness of the proposed method, an ex-
perimental platform for robotic grinding of the wind turbine 
blades is built. The selected workpiece is a wind turbine blade 
from a real wind turbine generator. The wind turbine blade is 
shown in Fig. 11. The length of the wind turbine blade is 
1050 mm, the maximum thickness is 30 mm, and the minimum 
thickness is 10 mm. The material of wind turbine blade is glass 
fiber reinforced plastic. The selected workpiece and the ex-
periment can verify the potential application of the proposed 
method in real industrial scenarios. 

The experiment is carried out when the grinding head rotates. 
The information before and after filtering, and the end position 
collected by the six-dimensional force/torque sensor are plotted 
and analyzed. It can be seen from Fig. 12 that when the grind-
ing head rotates and the grinding head contacts the curved 
surface, the vibrations in the X and Y directions will produce an 
amplitude of about 10 N. After filtering, the value of the contact 
force fluctuates slightly around 0 N. In the Z direction, the con-
stant force tracking is carried out according to the value of the 
contact force. Before filtering, the amplitude 10 N of the contact 
force will affect the tracking accuracy and processing effect. 
After filtering, the force tracking effect can be significantly im-
proved. If the vibrations of the measured torques along the X 
and Y directions in the tool coordinate system are too large, the 
robot pose adjustment cannot be controlled, and the filtered 
torque can meet the requirements of adjusting the pose. The 
positions along X, Y and Z directions in the workpiece coordi-
nate system are analyzed. Due to the influence of force in X 
direction, it will be adjusted by the impedance controller. The 
adjusted information is shown in Fig. 12. It will move at a uni-
form speed in Y direction, maintain a constant value in normal 
direction, and conduct grinding experiment at the same height. 

The overall diagram and the coordinate system of the ex-
perimental platform are shown in Fig. 13. The contact process 

 
Fig. 9. Progress of polishing aluminum plate. 

 

 
Fig. 10. Comparison of force tracking. 
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between the robot and the workpiece is introduced as follows. 
The robot end effector approaches the wind turbine workpiece 
in the position control mode. The robot then switches to the 
impedance control mode after contacting the workpiece. When 
the robot end effector contacts the workpiece, a large contact 
force is generated. The maximum value of the difference be-

tween the contact force and the desired force is the contact 
force overshoot. During the processing of contact, the im-
proved impedance control algorithm mentioned above is ap-
plied to the grinding experiment with the robot adaptive pose 
adjustment according to the surface of wind turbine blade. Fig. 
14 shows the grinding process of the curved surface. As 
shown in Fig. 15, the blue line is the desired contact force 20 N, 
and the red line is the normal contact force. The robot can 
adjust its pose in real time. The amplitude of the contact force 
is about 2 N, and the amplitude near the curvature is about 5 N, 
which has a good tracking effect. 

 
4.7 Discussion 

Compared with the previous studies, this article combines 
the environmental parameters with the adjustments of the 
impedance parameters through the fuzzy logic controller and 
realizes the adaptive force control based on the estimated 
environmental information. This study makes up the weakness 
of previous works which only use the external force informa-
tion and robot’s position information when carrying out the 
adaptive constant force control under the condition of un-
known or variable environmental parameters. In this article, 
the impedance parameters are adjusted more finely by the 
fuzzy logic control which contains the existing expert experi-
ence. Better performance of the adaptive force control can be 
achieved. The proposed algorithm can be applied to the robot 
constant force control under different environmental parame-
ters with good environmental adaptability. It is verified by the 
robot polishing experiments and grinding experiments. The 
above experiments show that the adaptive fuzzy logic imped-

 Wind power generator  Wind turbine blade 
 
Fig. 11. The wind turbine blade workpiece. 

 

(a) 
 

(b) 
 
Fig. 12. Force/torque information when grinding. 

 

 
Fig. 13. Grinding of curved surface. 

 

 
Fig. 14. Progress of grinding curved surface. 

 

 
Fig. 15. Comparison of force tracking. 
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ance controller can achieve better performance with the oscil-
lation below 2 N as the machining surface of the workpiece is 
not predefined. 

The limitation of this study is that when the environment in 
contact with robot changes abruptly, the estimation of the envi-
ronmental parameters cannot be quickly achieved and effec-
tively converge to the true value. The adjustment of the imped-
ance control parameters based on the real-time estimation will 
lag, which causes the steady-state error of the force control. In 
addition, the environmental stiffness model of this article is 
designed with less parameters to estimate the environmental 
status for real-time performance, which would reduce the accu-
racy of the environmental parameter estimation. The neutroso-
phic logic/statistics model [23-28] is a valuable option that can 
comprehensively and accurately describe the dynamic process 
of robot contact with environment, which would be combined 
with the current work as future research. 

 
5. Conclusions 

According to the traditional impedance control algorithm, a 
fuzzy-based impedance control algorithm is proposed. Through 
the actual experiment, the environmental stiffness estimation 
method is designed and verified for the external unknown stiff-
ness environment. Due to the external environment information 
and the actual contact force information, the adjustment 
amount of the impedance parameters is obtained through the 
fuzzy controller to realize the variable impedance control. As 
the results of the simulations and actual experiments, it is con-
cluded that the variable parameter mode of the fuzzy-based 
impedance control has significantly improved the force tracking 
accuracy and the environmental adaptability. The contact force 
error can be controlled within 2 N, which has a good effect. For 
the control algorithm mentioned above, it can be applied to the 
practical machining scenes such as grinding and polishing. 
Through the self-built robot force control platform, according to 
the adaptive impedance control framework, the grinding ex-
periment of the aluminum plate and the polishing experiment of 
the wind turbine blade are carried out in the actual scenes. In 
terms of the collected force information, the adaptive variable 
impedance control algorithm has an obvious improvement in 
the constant force tracking compared with the traditional con-
stant parameter impedance controller. 
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