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Abstract
To solve the constant contact force control problem between the end tool of a 5 degrees of freedom hybrid optical
mirror processing robot and a workpiece, an adaptive impedance control method for the pneumatic servo-polishing
system of the robot is designed. Firstly, the pneumatic servo-polishing control system at the end of the robot is
set up. Secondly, the impedance control method for contact force is investigated based on the mathematical model
of the pneumatic servo-polishing control system. Additionally, the causes of steady-state error of impedance con-
trol are analyzed theoretically, and the calculation method for steady-state error of impedance control is deduced.
Finally, an indirect adaptive impedance controller based on Lyapunov Stability Principle is developed to estimate
the environmental stiffness and position online, so as to reduce steady-state error and realize the tracking of polish-
ing contact force. The simulation and experimental results suggest that the adaptive impedance control method not
only recognizes that the contact force of the robot is relatively constant during the polishing process but also has
high control accuracy for the force, fast-tracking response for the abrupt force, and considerable adaptability to the
variable environmental stiffness.

1. Introduction
The larger the aperture of an optical system, the stronger the light gathering ability and the higher the res-
olution. Therefore, modern optical systems are rapidly developing toward large aperture, high precision,
high resolution, and high power [1]. As the final step in the manufacturing process of high-precision opti-
cal components, the polishing process is critical to improving the quality of the workpiece surface [2].
Traditionally, the polishing process is done manually by skilled workers. Manual polishing is inefficient
and the quality of the process is inconsistent [3]. In order to improve polishing efficiency and accuracy,
some computer numerically controlled (CNC) polishing systems have been developed to automate the
polishing process [4]. However, CNC machine tools have a limited workspace, which results in lower
polishing efficiency and limits the size of the workpiece [5].

In recent years, researchers have developed robots for optical mirror polishing that are cheaper, more
flexible, and have a larger workspace than CNC machines [6]. Polishing optical mirrors by robots has
become a trend. During the polishing processing, the robot end tool contacts the workpiece generating
contact forces. Overloaded contact forces can cause damage to both the robot and the workpiece, and
the magnitude of the contact force affects the polishing precision, which in turn affects the quality of the
polishing [7]. Therefore, the amount of contact force must be controlled to improve the quality of the
polishing.

When the robot performs polishing work, two different contact force control strategies can be clas-
sified according to the different forms of contact between the end polishing tool and the workpiece,
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i.e., rigid contact force control mode and compliant contact force control [8]. In the rigid contact force
control mode, the contact force is controlled by the motion control system. Kamezaki et al. [9] applied
fuzzy theory to the motion control of a mold polishing robot and developed a robot system that automat-
ically determines the normal direction of the polishing surface of an object mold. This robotic system
can automatically polish under a certain press force, and stable force control was obtained. Nagata et al.
[10] proposed a Computer Aided Design/Computer Aided Making-based position/force controller that
can simultaneously achieve stable force control and accurate surface pickup feed control. The above
methods belong to the rigid contact force control mode, which not only requires the establishment of
an accurate mathematical model of the grinding tool and the workpiece but also needs to be accurately
decoupled to control the driving force and position of each driving joint. Obviously, the modeling pro-
cess of rigid contact force control is very complicated and not adaptable. Especially when there is a
deviation between the grinding tool and the workpiece, it will generate a large force on the surface of
the workpiece, which is very easy to damage the workpiece. Therefore, some compliant contact force
control methods have been proposed.

In addition, some scholars have studied compliant contact force control methods. In compliant force
control mode, the contact force is provided by a separate control mechanism mounted at the end of the
robot, and the robot is used only for positioning, thus avoiding the coupling between position and force.
Compliant contact force control consists of active and passive compliant control. Passive compliant
contact force control is to install a suitable elastic mechanism [11] at the front end of the tool, so that
the end tool and the workpiece contact with a certain cushioning effect, to achieve compliant control.
Shahinian et al. [12] proposed a fiber-based tool that can adapt to different workpiece surface curvatures
such as spherical and free-form surfaces. It was experimentally demonstrated that the removal rate of
the tool can be predicted by Preston’s equation. Wei et al. [13] proposed a robotic polishing end-effector
based on a constant force mechanism, where the constant force range of motion serves as a cushion to
counteract excessive displacement due to inertia. Chaves-Jacob et al. [14] used a flexible tool to obtain
smooth joint contact force and tool position. As the machine tool is used to control position rather than
force, this reduces tool wear and stabilizes radial force in the pre-polishing process. Passive compliant
force controls can be set to high stiffness for fast response rates and are inexpensive. However, it is
not possible to actively adjust the magnitude of the contact force especially when the geometry of the
workpiece varies significantly and can only maintain a low accuracy contact force over a short range.
The contact force of the active compliant contact force control mode, on the other hand, is regulated by
the sensors, control system, and end-effector, which ensures that the robot actively adapts to the changes
in the machined surface and achieves a high-precision contact force. Mohammed et al. [15] proposed
a linear hollow voice coil actuator for automated polishing process by integrating a force sensor that
measures the polishing force and feeds it back to the controller, so that it can be adjusted according
to the requirements of the polishing pre-planning. Experimental results show that the device achieves
a good force tracking. Jin et al. [16] applied the coupled contact force model to the airbag polishing
contact force control system by using the BP neural network proportional–integral–derivative (PID)
control strategy, realizing the online control of the polishing contact force. Therefore, to carry out active
compliance control of the polishing contact force, an appropriate end-effector configuration must be
selected first.

To achieve active compliant control of the polishing contact force, a suitable end-effector config-
uration should be selected. Currently, end-effectors with pneumatic actuators are a good choice for
providing polishing force due to easy maintenance and nice natural air compliance. Zhou et al. [17] pro-
posed an online tuning neural PID controller to improve the force control performance of a pneumatic
servo-polishing system. Real-time experimental results of polishing force control show that the pro-
posed neural PID controller achieves excellent control performance regardless of whether the reference
force is constant or varying. Dai et al. [18] introduced a pneumatic compliant polishing end-effector and
proposed an inverse-stepping + PID force control strategy that achieves a continuous and stable output
of the polishing force. Liao et al. [19] utilized an active pneumatic compliant tool head, built a recursive
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least squares estimator to estimate the pneumatic model, and designed a self-tuning controller using
the least-degree pole placement method to achieve a constant polishing force. These controllers have
nice performance in constant contact force control with pneumatic system. However, the polishing of
optical mirrors is a complex process, and the environmental stiffness changes all the time, which leads
to a steady-state error in the contact force. Therefore, it is necessary to propose an active compliant
force controller, which can adapt to the change of environmental stiffness for the pneumatic polishing
actuator.

Based on a 5 degrees of freedom (DOF) hybrid pneumatic servo-polishing robot in the context of
optical mirror polishing, an active compliant force control method capable of adapting to changes in
environmental stiffness is proposed, i.e., variable environmental stiffness adaptive impedance control.
In order to ensure constant contact force, the causes of impedance control steady-state error are analyzed
theoretically, and the calculation method of impedance control steady-state error is deduced. Then, an
indirect adaptive impedance controller is designed to estimate the environmental stiffness and position
online, so as to calculate the desired target position in real time, and finally realize the tracking of the
polishing contact force. The effectiveness of the proposed method is verified through simulations and
experiments.

The rest of this thesis is organized as follows. In Section 2, the mathematical model of the pneumatic
servo-polishing control system is established. In Section 3, the causes of impedance control steady-
state error are analyzed, and an indirect adaptive impedance controller is designed based on Lyapunov
Stability Principle. The simulations of variable environmental stiffness and variable-desired polishing
contact force are carried out. Experiments are carried out and the results are given in Section 4. Finally,
some conclusions and prospects are given in Section 5.

2. Modeling of pneumatic servo-polishing control system
Pneumatic transmission technology can achieve compliance control by using the compressibility of the
gas. Accordingly, a pneumatic servo-polishing control system at the end of the robot is set up in this
study to realize constant force and compliance control in the polishing process.

2.1. The optical mirror processing robot
There are 5 degrees of freedom in the optical mirror processing robot designed in this study, and the
robot is presented in Fig. 1. The parallel module is in the structure of 3UPS-UP. On the moving platform
of the parallel module, the 2-DOF serial manipulator consists of the first-stage rotor, the second-stage
rotor, and the end polishing tool. The control system includes a personal computer, an isochronous media
access controller (IMAC), a servo motor and its driver, a control circuit, and various sensors.

2.2. Pneumatic servo-polishing control system
The arrangement of the pneumatic servo-polishing control system is shown in Fig. 2. The polishing tool
system on the front end of the robot is of the double rotor planetary structure, and its structure is depicted
in Fig. 3. The rotary movement of the polishing head is accomplished by the revolution motor and the
rotation motor. The rotating motor is located in the rotation frame and is connected to the polishing
head through the processing shaft. The pneumatic pressure system is connected on both sides so that
the polishing head can move to a certain extent in the axial direction of the rotating motor. There is a
certain distance between the axes of the revolution motor and the rotating motor, and the distance can
be adjusted by an eccentric block. The rotating motor is connected to the eccentric block to drive the
equipment to rotate, and the rotating motor drives the polishing head to rotate. At the same time, the
constant force polishing is realized under the control of the pneumatic pressure system.
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Figure 1. The optical mirror processing robot.
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Figure 3. Structure of double rotor planetary polishing system.
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Figure 4. Schematic diagram of pneumatic servo-polishing control system.

2.3. Working principle of pneumatic servo-polishing control system
The schematic diagram of the whole pneumatic servo-polishing control system is illustrated in Fig. 4.
It can be seen from Fig. 4 that a desired force output control signal Uw is set to control the opening size
of the electric proportional valve, so that the gas produced by the gas compressor enters the cavity of
the low-pressure friction cylinder through the storage tank. Thus, the cylinder piston rod is controlled
to move to produce output force Fp. The output force Fp is measured by the force sensor at the front end
of the cylinder, and its feedback signal is Uf .

a and b denote the corresponding upper and lower cavities of the cylinder, respectively. P, V, and A
represent the gas pressure, volume, and force cross-sectional area in the chambers, respectively. X is the
spore displacement of the electric proportional valve, and y represents the displacement of the piston
rod.

Assume the gas is ideal, when the gas enters cavity a of the cylinder, the gas mass flow rate is

qm,a = dma

dt
= d(ρaVa)

dt
= Va

TaRc

(
dPa

dt
+ Pa

Va

dVa

dt
− Pa

Ta

dTa

dt

)
(1)

where ma is the gas mass in cavity a; Va is the gas volume in cavity a; Pa is the gas pressure in the
cylinder; ρa is the gas density; Rc is the ideal gas constant; and Ta is the thermodynamic temperature of
the gas in cavity a.

The gas flow process is assumed to be isentropic and adiabatic. The following equation can be
obtained:

qm,a = 1

RcTa

[
Va

k

dPa

dt
+ Pa

dVa

dt

]
(2)

where k is the adiabatic exponent, k = 1.4.
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According to the previous hypotheses, the flow process of gas in the gas-guide tube is described by
the Sanville flow equation, and the valve flow equation is indicated in Eq. (3):

qm = CdS(x)√
T

Pu

√
k

Rc

(
2

k + 1

) k+1
k−1

(3)

where Cd is the flow coefficient of the throttle port of the proportional valve, and Cd = 0.628; S is the
effective cross-sectional area of the valve port; T is the absolute temperature; Pu is the absolute pressure
of the gas inlet of the electric proportional valve; and Rc is the ideal gas constant.

The gas mass flow rate through the spool valve is only a function of the spool displacement X and
the output pressure Pd, i.e.:

qm = f (X, Pd) (4)

Linearization of Eq. (7) around the zero position yields:

�qm = K1�X + K2�Pd (5)

where K1 = ∂qm

∂X
|X=0, K2 = ∂qm

∂Pd

|Pd=0.
The gas output from the electric proportional valve will pass through a gas-guide tube of length L

into cavity a. Assuming that gas flows in an ideal circular pipeline in the form of laminar flow, ignoring
the flow loss at each connection, Anderson’s theory can be obtained as follows:{

qm,a = K3(Ps − Pa)

�qm,a = K3(�Ps − �Pa)
(6)

where K3 = ρavd2
2Ag/(32μL); qm,a is the mass flow rate of gas in the gas-guide tube; ρav is the gas density;

d2 is the diameter of gas-guide tube; μ is the viscosity coefficient of gas; Ag is the radial cross-sectional
area of gas-guide; Ps is the inlet pressure of the gas-guide tube; and Pa is the outlet pressure of the
gas-guide tube.

2.4. Analysis of cylinder force system
In the pneumatic servo-polishing control system, the polishing force is controlled by the movement of
the cylinder piston rod, and the movement position in space is completed by the hybrid robot. In the case
of high positioning accuracy of the hybrid robot, the polishing tool is always in contact with the surface
of the workpiece, and the volume change in the cylinder cavity is tiny. Therefore, in the actual polishing
process, the flow rate change caused by the volume change in the cavity can be ignored, and Eq. (5) is
simplified as follows:

qm,a = 1

k

V

RcTa

dPa

dt
(7)

The Laplace transformations of Eqs. (5), (6), and (7), respectively, are combined to give:
Pa(s)

X(s)
= K1

(K3−K2)Va

kTaRcK3
s − K2

(8)

Equation (8) can be simplified by K2 = 0 as follows:
Pa(s)

X(s)
= kTaRcK1

Vas
(9)

As illustrated in Fig. 5, it is the force analysis diagram of the cylinder piston. The piston rod and the
polishing disc are regarded as a whole. Since the two sides are symmetrical structures, the force balance
equation of a single cylinder can be written in the ideal state as follows:

M
d2y

dt2
+ f

dy

dt
+ Ff + Fp

2
= PaAa − PbAb (10)
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Figure 5. Force analysis diagram of the cylinder piston.

where M is the total mass of the piston and load; f is the viscous damping coefficient of the system; y
is the displacement of the cylinder piston rod; Ff is the friction force in the cylinder; Fp is the polishing
force of the system; Pa is the pressure of the upper cavity of the cylinder; Pb is the pressure of the lower
cavity of the cylinder; Aa is the force area of the piston in the upper chamber of the cylinder; and Ab is
the force area of the piston in the lower chamber of the cylinder.

PbAb in the above equation is to balance the gravity of the front end polishing tool. Hence, Eq. (10)
is rewritten into the incremental form, and the Laplace transformation is carried out to obtain:

Ms2Y(s) + fsY(s) + Ff (s) + 0.5Fp(s) = Pa(s) Aa (11)

After simplified analysis, the transfer function of cylinder piston rod displacement Y(s) and cavity
pressure Pa(s) can be obtained:

Y(s)

Pa(s)
= Aa

Ms2 + fs + 0.5Kp

(12)

where Kp is the equivalent spring stiffness coefficient.
The spore displacement X(s) and control voltage Uw(s) of the electric proportional valve can be treated

as proportional links, that is, X(s)/Uw(s) = Kd. Therefore, the transfer functions between cylinder piston
rod displacement Y(s), polishing contact force Fp(s), and control voltage Uw(s) of electric proportional
valve can be obtained, respectively:

Y(s)

Uw(s)
= Kd

Y(s)

Pa(s)
· Pa(s)

X(s)
= KdAakTaRcK1

Vas
(
Ms2 + fs + 0.5Kp

) (13)

Fp(s)

Uw(s)
= KdKp

Y(s)

Pa(s)
· Pa(s)

X(s)
= KdKpAakTaRcK1

Vas
(
Ms2 + fs + 0.5Kp

) (14)

where Kd is the gain of the electric proportional valve.

2.5. Mathematical model of this experimental system
The final control model can be obtained by substituting the specific parameter values of each element in
the pneumatic servo-polishing control system into the corresponding calculation equation. The specific
parameters are listed in Table I.

In the initial working state of the system, gas is injected into the upper chamber of the cylinder,
and the piston is located at the bottom of the cylinder, that is, the displacement of the piston rod y
is 30 mm. The length of the gas pipe connecting the cylinder and the proportional valve in Eq. (6)
is known to be L = 100 mm. Hence, K1 = 58, Aa = 3.142 × 10−4m2, Va = 1.445 × 10−5m3, Y(s)/U(s) =
12245.96/(s3 + 33.33s2 + 2083.33s).
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Table I. Parameters of the pneumatic servo system.

Parameter Description Value Unit
d2 Diameter of gas pipeline 8 mm
D Cylinder piston diameter 20 mm
d Diameter of the piston rod 10 mm
l Cylinder stroke 30 mm
�p The pressure difference between the front and back of the

electric proportional valve port
0.02 MPa

Ps Gas source pressure 0.4 MPa
d1 Electric proportional valve spool diameter 18 mm
Kp Equivalent spring stiffness coefficient 1 × 105 N/m
M The total mass of the piston and load 2.4 kg
Ta Temperature 290 /
R Gas constant 287.1 /
Kd Electrical proportional valve gain 0.2 /
f Coefficient of viscous friction of the system 80 /
k The ratio of specific heat at constant pressure to specific

heat at constant volume
1.4 /

3. Research on robot polishing compliance control strategy
The optical mirror processing robot has a high requirement for precision and the passive compliance
control cannot meet the needs. Therefore, the active compliance control strategy is adopted. In this
section, a position-based impedance control strategy in active compliance control is selected to realize
constant force polishing of the optical mirror processing robot.

3.1. Position-based impedance control strategy
A commonly used impedance control expression is

md(ÿr − ÿd) + bd(ẏr − ẏd) + kd(yr − yd) = −fe (15)

where md, bd, and kd represent the target inertia matrix, damping matrix, and stiffness matrix, respec-
tively. yr, ẏr, and ÿr are the desired position, velocity, and acceleration of the end-polishing tool,
respectively. yd, ẏd, and ÿd denote the target position, velocity, and acceleration of the end polishing
tool, respectively. fe represents the contact force generated by the end polishing tool in the process of
polishing the workpiece.

In the actual polishing operation, the one on the left of Eq. (15) is commonly used e = fd − fe to
replace, where fd represents the desired polishing contact force. Actual contact force fe is monitored in
real time by the force sensor installed between the flange and the cylinder.

The position correction is yf = yr − yd. Hence, Eq. (15) can be redefined as:

mdÿf + bdẏf + kdyf = −fe (16)

Equation (16) in the frequency domain can be expressed as:

yf (s) = −fe(s)

mds2 + bds + kd

(17)

According to Eq. (17), the impedance controller is a typical second-order system model. To facilitate
the study, the transfer function of the system under the condition of a single degree of freedom is written
as follows:
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Figure 6. The response curves of changing target inertia coefficient md. (a) Force response curves.
(b) Position response curves.

G(s) = yf (s)

fe(s)
= −1

mds2 + bds + kd

(18)

⎧⎪⎪⎨
⎪⎪⎩

ωn =
√

kd
md

ξ = bd

2
√

mdkd

(19)

where ωn is the natural frequency of the system; ξ is the system damping ratio.
In impedance control mode, the selection of target impedance parameters affects the control of pol-

ishing force directly. Reasonable impedance parameters not only improve the robustness of the system
but also ensure a good polishing effect. Target impedance parameters include ideal target inertia md,
ideal target damping bd, and ideal target stiffness coefficient kd.

3.2. Characteristic analysis of impedance parameters
According to the transfer function of the pneumatic servo-polishing control system obtained in Section
3.1, the simulation model of the impedance control system is constructed. Considering the size of the
robot, the target position of the cylinder piston rod is set as Yd = 0.01 m. Generally, the contact force
should be no more than 50 N. Thus, we set the desired polishing contact force as Fd = 30 N. Considering
the external environment characteristic of the robot, the environmental stiffness is set as Ke = 3000 N/m.
Three target impedance parameters, md, bd, and kd, are studied by using the control variable method, and
the influence of one parameter on the control system is analyzed according to the simulation diagram
generated.

3.2.1. Influence of target inertia coefficient on control effect
In the impedance control system, bd and kd are set as constants, and md as variables. bd = 1000, kd = 1.
By adjusting the value of md, the simulation curves of the polishing force and the desired position of
the cylinder piston rod changed over time are illustrated in Fig. 6. It can be seen from the simulation
results that md reflects the acceleration term of the whole pneumatic polishing system, and the overall
mass of the pneumatic polishing system affects the impact force generated between the end tool and
the workpiece directly. The less the mass, the lighter the inertial shock generated, the faster the system
response and the faster it can reach a smooth state, and vice versa. Therefore, when selecting the target
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Figure 7. The response curves of changing target damping coefficient bd. (a) Force response curves.
(b) Position response curves.

inertia coefficient, the actual mass of the whole pneumatic servo-polishing control system should be
taken as a reference, so as not to produce excessive deviation.

3.2.2. Influence of target damping coefficient on control effect
In the impedance control system, md = 20, kd = 1. As depicted in Fig. 7, simulation curves of the polish-
ing force and the desired position of the cylinder piston rod change over time by varying the value of bd.
The overshoot and response speed of the system are related to the value of bd, and the steady-state error
will not be generated when the system tends to be stable. When the value of bd is low, the fluctuation
range of the system is wide near the steady-state value, and it takes a longer time to reach the stable state.
With the gradual increase of bd value, the overshoot of the system is significantly reduced, the overall
fluctuation range is significantly reduced, and it can reach a stable state quickly. When there is no over-
shoot in the system response, if bd continues to increase, the time of the system response will increase.
Therefore, the environmental characteristics of the polishing system should be taken into account when
selecting bd, so that it can achieve an ideal polishing effect.

3.2.3. The influence of the target stiffness coefficient on the control
In the impedance control system, md and bd are set as constants, kd as variables. md = 20 and bd = 1000.
As shown in Fig. 8, by changing the value of kd, the simulation curves of the desired polishing force
and the desired position of the cylinder piston rod changed over time. It can be seen from the simulation
results that the steady-state error exists in the system, and the steady-state values of the response curves
of force and position decrease with the increase of kd. As the environmental stiffness of the workpiece
increases, the more difficult the downward displacement of the cylinder piston rod will be, and the lower
the value of yd will be, thus generating force errors and position errors. It can be seen that the contact
form between the end tool and the workpiece can be determined by setting the value of kd. Therefore,
selecting an appropriate target stiffness coefficient can ensure a relatively constant desired contact force
and achieve a good polishing effect.

From the above simulation analysis, it can be concluded that the target impedance parameters
md, bd, kd all have a corresponding impact on the system. It means that appropriate parameters should be
selected according to the actual situation of the end polishing tool system, before the polishing operation.
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Figure 8. The response curves of changing target stiffness coefficient kd. (a) Force response curves.
(b) Position response curves.

3.3. Study on the steady-state error of impedance control
The steady-state error of a control system is a measure of the system’s control accuracy, which is called
steady-state performance. It can be seen from the simulation diagram in Section 3.2 that neither the target
inertia coefficient nor the target damping coefficient produces steady-state errors, while the steady-state
errors of the system are eventually formed by different target stiffness coefficients kd, indicating that kd

is an important cause of steady-state errors. The problem is simplified as the case of a single degree of
freedom:

mdÿr + bdẏr + kd(yr − yd) = −Fe (20)

where Fe represents the polishing contact force between the end grinding tool and the workpiece.
The environment model adopts the equation Fe = ke(yr − ye), and the following equation can be

obtained:

md

(
F̈d − Ë

) + bd

(
Ḟd − Ė

) + kd(Fd − E) = (E − Fd) ke + kdke(yd − ye) (21)

where E = Fd − Fe, ke is the environmental stiffness coefficient, and ye is the environmental position.
When the system tends to be stable, F̈d = Ḟd = 0, Ë = Ė = 0. Hence, the steady-state error model of

the system is obtained:

Ess = Fd − kdke

kd + ke

(yd − ye) (22)

Fss = kdke

kd + ke

(yd − ye) (23)

According to Eq. (23), the system polishing contact force Fss is composed of kd, ke, yd, and ye. kd is
an artificial quantity, while ke and ye are unknown quantities.

As can be seen in Fig. 9, it is the force response curves of yd when ye = 0.005 m, ke = 3000 N/m, and
kd = 2000 N/m.

In general, when polishing the workpiece, the environmental stiffness value is very high. However,
any deviation of the environmental position may cause a great impact, which is not conducive to the
processing of the workpiece. Therefore, to reduce or eliminate the steady-state error of the polishing
contact force of the system, set Ess = 0, then:

yd = (kd + ke) Fd

kdke

+ ye (24)
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Figure 9. The force response curves of changing target position yd.
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Figure 10. Schematic diagram of the adaptive impedance control system.

According to the analysis of Fig. 9 and Eq. (24), in the ordinary impedance control mentioned above,
the artificially set target position is different; thus, the polishing contact force when the system reaches
stability is also different. Set keq = kdke/(kd + ke), only when yd = Fd/keq + ye is satisfied, the polishing
contact force between the end polishing tool and the workpiece can accurately track the desired contact
force. However, the actual situation is that the keq and ye are unknown, and it is very difficult to mea-
sure in real time. Therefore, the adaptive impedance control is studied to estimate the value of the keq

and ye online, so as to reduce the steady-state error and realize the purpose of polishing contact force
tracking.

3.4. Design of indirect adaptive controller
To eliminate the steady-state errors of the system affected by environmental stiffness and position men-
tioned above, an indirect adaptive controller is designed in this section to carry out an online estimation
of ke and ye. In this model, yd is calculated in real time, and the polishing contact force tracking is realized
finally. Figure 10 shows the principle diagram of the adaptive impedance control system.

https://doi.org/10.1017/S0263574723001315 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574723001315


Robotica 33

When the steady-state error of the system Ess → 0 and both ke and ye are known quantities, the desired
target position can be calculated as:

yd = Fd

k̂e

+ ŷe (25)

where ŷe represents the estimated value of ye, and k̂e represents the estimated value of ke.
The indirect adaptive algorithm is used to calculate ŷe and k̂e. Setup parameter ϕk = k̂e − ke, ϕy =

k̂eŷe − keye, ϕ = [ ϕk ϕy ]T. The following equation can be obtained:

F̂e − Fe = [
y −1

]
ϕ (26)

where F̂e represents the estimated value of the polishing contact force Fe.
To ensure that F̂e → Fe converges to Fe → Fd, the Lyapunov Stability Principle is adopted for analysis,

and the expressions of k̂eŷe and k̂e are obtained.
In combination with Eq. (26) and based on Fe(ϕ, t) = 0, it can be gotten that when ϕ = [ 0 0 ]T,

the system is in unique equilibrium, that is, ϕk = 0, ϕy = 0. Thus, a positive definite Lyapunov energy
function is written as follows:

V = ϕT
∏

ϕ (27)

where
∏

is a positive definite symmetric matrix of 2 × 2.
If the system equation of state parameter ϕ is ϕ̇ = − ∏−1 [ y −1 ]T(F̂e − Fe), the first derivative of

energy function V concerning time can be obtained by combining Eq. (26) and Eq. (27):

V̇ = 2ϕT
∏

ϕ̇ = −2ϕT

[
y

−1

] (
F̂e − Fe

)
= −2

(
F̂e − Fe

)2

(28)

Let
∏−1 =

[
η1 0

0 η2

]
, η1 and η2 be positive constants of the positive definite matrix, then:

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

k̂e(t) = k̂e(0) − η1

∫ t

0
y
(

F̂e − Fe

)
dt

ŷe(t) = ŷe(0) − η1

∫ t

0

(
F̂e − Fe

)
k̂e

(
yŷe + η2

η1

)
dt

F̂e = k̂e

(
y − ŷe

)
(29)

The stiffness coefficient after the indirect adaptive control algorithm is k̂eq = kdk̂e/(kd + k̂e), and the
desired output destination location is yd = ŷe + Fd/k̂e.

3.5. Simulation and comparison of different environmental stiffness coefficients
Through the study of the indirect adaptive impedance control algorithm, this section will build an
adaptive impedance control simulation model according to the theoretical equation that has been
derived. Simulation parameters are set as follows: md = 20, bd = 2000, kd = 6000, η1 = 300, η2 = 500,
k̂e(0) = 3000, ŷe(0) = 0.005.

The tracking effect of normal impedance control and adaptive impedance control on desired polishing
contact force of 30N under different environmental stiffness is shown in Fig. 11(a) and (b), respectively.
According to the simulation results in Fig. 11(a), when ke = 1000 N/m, ke = 2000 N/m, ke = 3000 N/m,
there is an error between the contact force and the desired contact force when the normal impedance
control reaches a steady state. On the basis of the previous analysis, the steady-state error Ess of the
system is related to keq, which is jointly determined by ke and the kd. According to the simulation results
in Fig. 11(b), adaptive impedance control can accurately track the desired force under different environ-
mental stiffness. As ke increases from 1000 to 3000, the response speed of the curve becomes faster, but
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Figure 11. Force response curves of different environmental stiffness coefficients ke. (a) Ordinary
impedance control. (b) Adaptive impedance control.

Figure 12. Simulation of tracking curves for variable desired polishing contact force.

the overshoot of the system becomes larger. This is mainly because the impact of the tool at the moment
of contact with the environment becomes stronger when the external environmental stiffness increases.
Due to the change of environmental stiffness, the system will have a deviation when tracking the polish-
ing contact force. This is because in the case of high environmental stiffness, even a slight change in the
position of the cylinder piston rod will produce a great force error. However, from the simulation results,
the indirect adaptive impedance control method has a better control effect for different environmental
stiffness and can achieve accurate tracking of the polishing contact force.

3.6. Simulation of variable desired polishing contact force
The simulation of tracking curves for variable desired polishing contact force is visualized in Fig. 12.
The initial desired polishing contact force is set as 10 N, increasing to 30 N at t = 10 s and decreasing
to 20 N at t = 20 s. The initial desired polishing contact force is represented by the red line. The actual
polishing contact force is represented by the blue line. In the whole simulation process, the desired
polishing contact force increases first and then decreases. The actual polishing contact force accurately
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Figure 13. The experiment of constant force contact. (a) Field test drawing. (b) Contact force diagram.

tracks the desired force in a short time, showing considerable robustness of the adaptive impedance
control system.

4. Experimental research and analysis
In this section, the optical mirror processing robot contact force control experiments and the constant
force polishing aluminum plate experiment are carried out. To control the polishing contact force, an
adaptive impedance control method is written by calling the custom servo algorithm module in the
IMAC control software first. Then, the expected contact force is set, according to the planned polishing
trajectory, and the program to the IMAC controller for pneumatic control is downloaded. The actual
displacement and contact force of the cylinder piston rod are measured and then calculated inside the
IMAC controller. The obtained results of the calculation are controlled by the analog output outlet elec-
trical proportional valve to output the corresponding air pressure. Then, the pressure generated by the
cylinder pushing down the piston rod on the end tool is controlled, so that the actual contact force is
constantly close to the expected contact force.

4.1. Experiments of robot contact force control
The robot contact force control experiments include the constant force contact experiment, variable
desired force tracking experiment, and variable environmental stiffness contact force experiment.

4.1.1. Constant force contact experiment
As shown in Fig. 13(a), before the polishing experiment, an inflatable gasbag is placed on the bottom
supported aluminum plate. Then the robot end polishing tool is controlled to apply pressure to the
gasbag, during which the end tool never left the surface of the gasbag. Notably, the gasbag is very
fragile, and a slightly larger force might damage it. This experiment is designed to prove whether the
adaptive impedance control is effective and whether the output polishing force of the cylinder can be
accurately controlled. The experimental data of contact force are depicted in Fig. 13(b).
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Figure 14. The experiment of variable desired force tracking. (a) Field test drawing. (b) Variable
desired force tracking graph.

The experimental results reach the desired target and the gasbag remained intact. As can be seen from
Fig. 13(b), the fluctuation of the contact force is light after reaching stability, and the fluctuation range
of the force error is ±0.8 N, which indicates that the control accuracy of the force is relatively high.

4.1.2. Variable desired force tracking experiment
The purpose of this experiment is to prove that the adaptive impedance control algorithm can track the
actual contact force well when the desired force changes. As indicated in Fig. 14(a), when polishing the
aluminum plate, the initial desired polishing contact force is set at 10 N, which increases to 30 N when
t = 10 s and decreases to 20 N when t = 20 s. Then, the experimental data of contact force in this process
are extracted and drawn into a curve, as shown in Fig. 14(b).

It can be seen from Fig. 14(b) that the desired contact force changes abruptly when t = 10 s and
t = 20 s. As for actual contact force overshoots, its rising time is about 0.2 s, and settling time is about
2 s. It shows that the adaptive impedance control algorithm can track the abrupt force quickly, achieving
a satisfactory force tracking effect.

4.1.3. Contact force experiment with variable environmental stiffness
The purpose of this experiment is to demonstrate the adaptability of the adaptive impedance control
algorithm to different external environments. The specific practice is presented in Fig. 15(a): first, the end
polishing tool is controlled to apply pressure to the board; then the end is controlled to move right until
it detaches off the board and presses down to contact the aluminum plate. Contact force experimental
data of this process are extracted and plotted into a curve, as shown in Fig. 15(b).

As can be seen from Fig. 15(b), at the beginning of contact with the board, the contact force of the
system gradually becomes stable after a light shock. When the end polishing head is detached from
the board, the polishing head is not in contact with the environment at this time, so the contact force
decreased. Then, when the cylinder piston rod moves down and the polishing head contacts the aluminum
plate, the system has a heavy shock, because the hardness of the aluminum plate is greater than the
hardness of the wood. The system re-estimates the environmental stiffness and returns to a steady state
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Figure 15. The experiment of contact force with variable environmental stiffness. (a) Field test drawing.
(b) The curves of contact force with variable environmental stiffness.

within 1.5 s. The steady-state error can be kept within ±1 N. The experiment proves the adaptability of
the adaptive impedance control algorithm to variable environmental stiffness.

4.2. The experiment of constant force polishing aluminum plate
In this experiment, the robot is used to carry out constant force polishing on part of a circular aluminum
plate. The polishing trajectory includes a 150 mm radius circle, a 100 mm radius circle, and a straight
line connecting two circles.

At the beginning of the experiment, the polishing agent cerium oxide and water are first applied
to the area where the aluminum plate needed to be polished. Then, the motion program of the robot
polishing the aluminum plate in text format generated by offline programming software is downloaded
to the IMAC controller, and the robot is controlled to carry out the polishing operation according to the
predetermined trajectory, as can be seen in Fig. 16(a). In this process, the adaptive impedance control
algorithm is used to keep the 10 N polishing contact force unchanged. The actual contact force data at a
certain period in the whole polishing process are finally extracted and drawn into a curve, as shown in
Fig. 16(b).

As can be seen from Fig. 16(b), the actual contact force can be kept at 10 ± 1 N when the constant
force polishing of the aluminum plate is carried out according to the predetermined trajectory, which
could realize that the polishing contact force of the robot is relatively constant during the polishing of
the aluminum plate. Therefore, the considerable adaptability and robustness of the adaptive impedance
control algorithm are proved.

5. Conclusion
In this study, an adaptive impedance control method for the pneumatic servo-polishing system of an
optical mirror processing robot is designed. In this method, the environmental stiffness and position are
estimated online, so as to reduce steady-state error, and finally realize the tracking of polishing contact
force. The simulations suggest that the adaptive impedance control method has a satisfactory control
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Figure 16. The experiment of constant force polishing aluminum plate. (a) Field test drawing. (b)
Polishing contact force curves.

effect for different environmental stiffness and can achieve accurately tracking the polishing contact
force. The constant force contact experiment of the optical mirror processing robot proves the high
control accuracy of the adaptive impedance control method. The variable force tracking experiment
verifies the fast force tracking response speed of the adaptive impedance control method. The variable
environmental stiffness contact force experiment implies the adaptability of the polishing system to
variable environmental stiffness. The experiment of constant force polishing the aluminum plate verifies
the considerable adaptability and robustness of the adaptive impedance control method.

In this research, the gas is assumed to be an ideal gas and the gas flow process is regarded as isentropic
and adiabatic. In other words, the mathematical model of the pneumatic servo-polishing control system
established in this research has some limitations. Therefore, establishing a more perfect mathematical
model to further improve the accuracy of the adaptive impedance control method is in future studies.
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