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Abstract. At present, high-speed railways have high design speeds and require high surface
machining quality. Traditionally, automatic polishing systems are performed using a
constant-force adaptive flange, In the face of complex surfaces, especially at the corners,
unevenly and excessively polishing occurs. After subsequent spray treatment, problems such
as surface ripples and streaks will appear that seriously affect product quality. This paper
studies a robotic system that is suitable for polishing complex surface putty layers and develops
a force controller to deal with abrupt changes in curvature at the corner of the surface. In order
to realize even polishing, a hybrid control strategy based on Hertzian contact theory is
proposed. By installing an active compliant device on the robot end-effector, the force control
and position control of the tool are decoupled. While the robot controller is used to control the
position and orientation of the tool mounted on the robot end-effector, the compliant device
controller is used to control the contact force between the tool and the workpiece directly. The
simulation results show that the method can track and compensate the target trajectory and
realize rapid adjustment of the desired force. The experiment results show that the proposed
control method can obtain good surface quality for polishing the vehicle putty layer.
Introduction
With the rapid development of industrial robots, its application in various industrial fields is
becoming more and more widespread [1]. Because the robot needs to contact the workpiece
during the operation, too big and too small contact force can lead to undesired polishing results.
In addition to requiring the position to achieve the required accuracy, the robotic polishing
system also required to control the contact force between the robot and the workpiece.
Over the last thirty years or so, a great deal of research has been carried out to develop
automated polishing systems and contact force control[2-5]. Mingsheng J [6] proposed based
on the robot, the use of airbags to achieve the flexibility of the design of polished control
program. By changing their pressure inside the balloon to achieve the adjustment of the
polishing contact force, so that the contact force is constant. Nagata F et al. [7] used a position
feedback to adjust the force feedback in Cartesian space so that the tool does not deviate from
the desired trajectory and the polishing force consisting of contact and dynamic friction can be
controlled. Ting Huang et al. [8] proposed a hybrid control strategy by installing a compliant
device, one end of the compliant device is mounted at the end of the robot and the other end is
connected with the polishing tool. And a constant force control method [9] is proposed to
control the contact force between the tool and the workpiece directly. Myers A et al. [10] used
the BP neural network PID control strategy to perform polishing contact force control and
obtains better processing results. Xudong Zhang et al. [11] introduced the general structure of
the constant force polishing end actuator, and designs a set of simple and practical, high control
precision and fast response force control algorithm. Constant force polishing process face

complex surfaces, especially at the corners, all of which are unevenly polished and excessively
polished. After the subsequent spraying process, water ripples, streaks, etc. will appear, which
will seriously affect the product quality. At present, many product lines are artificially
modified after machine polishing, and the efficiency is relatively low.
This paper designed a robot end actuator which can adjust the contact force between the
polishing tool and the polishing surface according to the different conditions, introduced a
hybrid control strategy based on contact theory, the method can realize rapid adjustment of the
desired force and realize constant stress contact for process of vehicle putty layer polishing.
1. Contact stress modeling
1.1 Contact area
During the polishing operation, the polishing tool presses against the surface of the part
under the action of force/pressure. According to the Hertz theory, an interaction model between
the polishing tool and the workpiece to be polished is established [12].
The polishing tool and the surface of part is shown in Figure 1 which is a simple example
case in which the part has a semi-elliptical cross-section with a semi-major u=20 cm and a
semi-minor axis v=10 cm. The radius of curvature of the part surface changes in one direction
and remains constant in the other direction.

Fig.1 Polishing tool and part

Fig.2 Elliptical contact area

Assume that the polishing tool used is hemispherical, where the polishing tool is tangent to
the surface of the part and the centerline is perpendicular to the surface of the part. This implies
that the minimum and maximum radius of the polishing tool are equal and, the angle between
the principal curvature planes is equal to zero. Therefore, the contact area changes along the
part surface. The radius of curvature of the part can be calculated as follows
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R  uv v 2 cos 2   u 2 sin 2  2
This equation indicates that for a part with curved profiles the contact area between the
polishing tool and the part surface changes with the change in radius of curvature of the part.
Contact Area is defined as a two dimensional evidence describing the interaction between the
polishing tool and the part surface. Contact Area is a function of the radius of curvature as seen
in Figure 2.
The boundary line of the contact surface forms an elliptic area given by
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1.2 Constant stress modeling
Contact stress refers to the pressure arising from two bodies subjected to compressive
loading by forcing them together. The principal stress on the contact surface, through
simplification for the polishing case, is given as follows[13]

 0  b E (k ' )
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In practice, the user specified polishing stress is considered as the mean stress and the stress
is highest when the radii are smallest. The mapping of contact stress on the surface radii of
curvature proves the applied force cannot remain constant if contact stress is required to be
constant. By solving for the force, an equation is obtained for determining the force variation
necessary for keeping contact stress σ0 constant.
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2. Design of the stress controller
2.1 Contract force based on air cylinder pressure control
When the constant-stress flange mechanism is working, the gas pressure in the air spring is
P0 ,the force area is A, and the displacement of the air spring under the action of the gas is x
which is determined by the displacement sensor, and the constant-stress of flange mechanism
and the connection component is M, as shown in Figure 3.
The pressure sensor is located in the electrical proportional valve and is used to real-time
detect the pressure in the air spring. Then the contact force Fp is applied to the polishing tool,
but in reality, the Ff acts on the workpiece surface also consider the gravity mg of the polishing
tool itself, and then the equation is given by
Mx  C p x  Kx  Po A - Fp
（7）

Fig. 3 Force analysis of flange

Where, Fp  F f  mg cos  , M is the tool mass, C and K are the damping and stiffness of the
spring inside the cylinder, A is the area of the piston inside the cylinder chamber. Then, Laplace
transforms are performed for the simultaneous expressions (7)
M S 2 X ( s )  C p sX ( s )  KX ( s )  Po ( s ) A - FP ( s )
（8）

When the polishing tool is in contact with the workpiece surface, the force is Ff. The
resulting displacement is shown in Figure 4 as x, and the equivalent stiffness coefficient is Ke,
which results in:
F f (s)  K e X (s)
（9）
The simultaneous expressions (8) and (9) are:
F f (s) 
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2

（10）

The applied force cannot remain constant if contact stress is required to be constant. When
the position of the contact point between the polishing tool and the workpiece changes, the
radius of curvature of the contact point will change, and the contact area between the polishing
tool and the workpiece will also change.
2.2 Control system
To achieve uniform polishing of curved workpiece, there are two control inputs, one for the
pressure valve and another for the flow valve. There are two outputs, one being the contact
stress and another being the tool spindle speed. Combines the advantages of PID controller and
fuzzy controller, and controls and optimizes the stress control flange system. According to the
set input signal and feedback signal, the error and the current error rate are calculated. The
fuzzy rules are used to carry out fuzzy reasoning and pass the PID at the same time. The control
is adjusted to combine the output of the two controllers for control of the output signal of the
stress control flange as shown in Figure 4.

Fig. 4 Close loop control block diagram

Fig. 5 Force trajectory tracking

In order to verify the control effect of the fuzzy PID controller, experiment of the cylinder
force tracking for the polishing control. It can be seen in Figure 5 that under the influence of
different control parameters, the error band of line and line is very long and the steady-state
error is large, which will cause the transition time to reach steady state to lengthen. Under the
fuzzy PID control, although the system response time is later than the pure fuzzy control, the
steady-state error of the system is eliminated, the overshoot is basically not occurred, and it
quickly reaches the steady state and reaches the set expected value. That means the measured
cylinder force follows the planned cylinder force by using the fuzzy PID controller.
3. Robotic polishing Control
3.1 Modeling of polishing system
As shown in Figure 6, P is the sampling point on the surface of the ellipsoidal polishing path,
x p , z p  is the corresponding coordinate of the P point in the plane X-Z, d is the polishing
thickness, and  is the angle between the axis z and the polishing tool. In order to simplify the

calculation process without affecting the calculation result, it is assumed that the two minor
axes of the ellipsoid are the same, that is, the surface equation of the workpiece to be polished is
set as:

Fig.6 Geometric sketch of polishing

F ( x, y , z ) 

Fig.7 Analysis of cross section
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The cross section equation is
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The ellipsoid section curve equation in Figure 7 is
z  a2  x2 k

（13）

In combination equation (12) and (13), the chord length in the plane is
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The cross-sectional area of contact area between polishing tool and ellipsoid is
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The expression for polishing thickness d is

d  F 1 ( A, x p ) 
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P is the sampling point on the surface of the ellipsoidal surface, and M is any point on the
contact area, and the velocity at point M is

  
v r

（22）

Where, r is the distance vector from P to M.
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 is the angular velocity of M point rotation about axis T , then  can be expressed as

The linear equation of axis T is
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Where, o, p, q  is the normal vector perpendicular to the contact surface, that is, the
first-order partial derivative of the ellipsoidal equation F  x, y, z  , is expressed as
F ( x, y, z )
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F ( x, y, z )
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Then, the expression for T is




（27）
T  oi  p j  qk

According to Equation (22) and (25),  can be expressed as
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Get the velocity expression at point M is
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According to the Equation (29), the velocity distribution at any point M can be found. Under
the action of constant stress, the lowest point where the curvature of the workpiece is the largest,
and the polishing speed here is close to 0. The polishing speed of the point on contact area
becomes smaller with the sampling point of abscissa increases. That is to say, during the
polishing operation, in the position where the ellipsoidal curvature is relatively large, in order
to ensure the consistency of the entire workpiece polishing effect, as the polishing contact area
becomes smaller, the polishing speed of the polishing tool is reduced correspondingly during
grinding. The contact force and the polishing speed are related to the polishing point of the
ellipsoid.
3.2 Experimental test
As shown in Figure 8, the automatic polishing system performs polishing tests on the curved
door baffles using constant contact force and constant contact stress, respectively. This test is a
fixed position test and does not require position adjustment. During the polishing process, the
contour of the part was measured using a 2-D laser profile scanner with an accuracy of 10
microns and a dynamic resolution of 1.0 microns. For constant force grinding, the cylinder
pressure remains constant at 2.25 bars. For the constant contact stress grinding, the polishing
speed and the contact force are determined according to the curvature of different coordinate
positions. Using the parameter planning method, the cylinder pressure is from 1.71 to 2.30 bars.
The pressure range is based on the required 50 N/mm2 contact stress. When the polishing tool
reaches the top of the polishing arc, 2.30 bar is required, while the arcuate end edge requires

1.71 bar.

Fig.8 Automatic polishing system

Fig.9 Result between constant force and constant contact stress

Figure 9 shows the experiment result performed on the polished thickness at different
curvature radius positions for the curved door baffle. Near the middle of the part the radius of
curvature is large, the constant force produced a similar polished thickness to that by the
constant stress, and both very close the original Ideal value. However, at both ends where the
radius of curvatures become small, the constant force case removed more materials due to high
concentrated force. For the constant contact stress case, the polished thickness is still very close
to the original Ideal value, the polishing effect can be better realized and expected.
4. Conclusion
This paper proposed a stress control method for automatic polishing system based on Hertz
contact theory. By installing an active air spring device at the end of the robot, the output force
of the device can be controlled by controlling the air pressure in the cylinder chamber.
Therefore, the contact force of the workpiece processing is controlled in accordance with the
contact area and the desired constant contact stress. The theoretical model of the constant stress
control device was deduced and the force control strategy was analyzed. The position control
of the system is completed by the robot controller. The active air spring device provides
feedback of the end displacement deviation to the robot controller. Based on the size of the
deviation, it is judged whether the posture compensation is required. The experimental results
show that this kind of constant stress control method responds quickly to disturbance
regulation. By polishing the curved door panel, the polishing effect can be basically the same
for the plane and the curved surface, and the system has good polishing uniformity.
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