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Abstract: The actual dynamic performance of each feed axis can’t match well usually, which will destroy 
machine tool contour accuracy seriously. The immune self-adjusting contour error coupled control method 
based on grating ruler sensors is developed to improve machine tool contour accuracy in the paper. Firstly, 
measure and convert the feed axis actual displacement into pulse signals with grating ruler sensors on each 
sampling period; then calculate the contour error and contour error compensation control quantity. The method 
combines the advantages of immune mechanism and classical Proportion Integration Differentiation (PID) 
control algorithm. The introduced method is testified on the three-axis computer numerical control (CNC) 
milling machine with three high precision grating ruler sensors. And the experimental results show that the 
proposed immune self-adjusting contour error coupled control method can improve machine tool contour 
accuracy remarkably. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Grating ruler sensor, Displacement measurement, Contour error, Immune mechanism, Contour 
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1. Introduction 
 

In manufacturing fields, many parts have complex 
profile [1]. For these complex parts machining, one 
way is to approximate parts profile with linear 
segments and adopt linear interpolation. Another 
approach is to directly use curve interpolation 
method. Compared with the linear segments 
approximation and linear interpolation, the curve 
direct interpolation method can improve machining 
accuracy and processing speed synchronously in 
theory [2]. 

For multi-axis CNC machine tool, the contour 
precision is the most important factor to determine 
the machining accuracy. In CNC machining, the 

contour error is defined as the shortest distance 
between the current cutter position and the command 
tool path curve [3]. The contour precision relates to 
the dynamic characteristics matching degree of each 
feed axis, and depends on the multi-axis linked 
precision [4]. The CNC machine tool servo drive 
system is much complex, and the transmission parts 
friction and electrical components parameters may 
change in machining. So the actual dynamic 
performance of each axis can’t match well usually, 
which will destroy the machine tool contour accuracy 
seriously. Compared with advanced single axis servo 
controller, the contour error coupled control is more 
effective to improve contour accuracy [5-6]. Many 
researchers conduct in-depth study on the contour 
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error calculation and compensation approach in CNC 
machining. For plane and space curves, Geng et al. 
defined the distance as contour error, from the actual 
cutter location to the line through the two 
interpolation points on the current sampling period 
and the last sampling period [7]. Yeh et al. put 
forward a contour error tangent approximation 
algorithm, which defined the distance from the actual 
cutter position to the tangent through the current ideal 
interpolation point on the command tool path [8]. 
LEE et al. developed a contour error vector control 
method for the parameter curve, which calculated the 
contour error through solving nonlinear equations 
with bisection algorithm and Newton iterative 
algorithm on each sampling period [9].  

In the contour error coupled control, the most 
important thing is to calculate the contour error 
compensation control quantity, which is a voltage 
signal. Then compute the sum of contour error 
compensation control quantity and following error 
position control quantity, and output to each axis 
servo system [10]. The PID controller is adopted to 
compute CNC machine tool following error position 
control quantity usually. And many researchers use 
intelligent methods such as neural networks to 
calculate contour error compensation control 
quantity. But the neural network algorithm is slow 
sometimes, which will destroy the CNC system real-
time performance [11, 12]. Furthermore, the tracking 
curve curvature changes and disturbances reduce the 
contour error compensation effect. So it is urgent to 
put forward a method with predictive function and 
adaptive ability to achieve contour error 
compensation control quantity.  

Consequently, the immune self-adjusting contour 
error coupled control method in machining is 
developed in the paper.  

Firstly, the CNC machine tool contour error 
coupled control principle and the commonly used 
contour error computing models are discussed in 
details; Secondly, the immune self-adjusting contour 
error coupled control method based on grating ruler 
sensors is introduced to improve machine tool 
contour accuracy; Finally, the introduced method is 
testified on the three-axis CNC milling machine.  
And the experimental results show that the proposed 
method can improve efficiently the machine tool 
contour accuracy  

2. The Contour Error Coupled Control 
Principle and Commonly Used 
Contour Error Computing Models 

 
2.1. The Contour Error Coupled  

Control Principle 
 

With the two-axis linked machining arc profile as 
example, discuss the contour error when the actual 
servo gains of two feed axis are inconsistent. Suppose 
the center of arc profile at origin, and the ideal 
position loop gain of both X axis and Y axis servo 
system is ks. However, the actual position loop gain 
of each axis can't match well usually in CNC 
machining, because of mechanical transmission parts 
friction and various disturbances. Suppose the servo 
gains of X axis and Y axis is ksx and ksy respectively, 
the feed speed be v, and the radius of arc profile be R. 
Then the radial error between the actual circle profile 
and the ideal circle profile caused by the inconsistent 
X axis and Y axis servo gain is as follows: 
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where θ  is the angle between the actual cutter 
position vector and X axis vector. The radial error 

RΔ is negative when machining arc profile 
clockwise; And the radial error RΔ is positive when 
machining arc profile anticlockwise.  

The actual tool path is an ellipse curve. As shown 
in Equation (1), the radial error RΔ has connection 
with feed speed and the actual feed axis servo gains. 
The long axis of the ellipse in the 45° line through 
origin when machining arc profile counterclockwise 
in XY plane; While the long axis of the ellipse in the 
135° line through origin when machining arc profile 
clockwise in XY plane. This may destroy the 
machining quality and precision. Consequently, it is 
necessary to study the multi-axis coordinated control 
approach to improve the system contour precision. 

Compared with the advanced single axis servo 
controller, the contour error coupled control is a more 
effective way to improve machine tool contour 
accuracy. The contour error coupled control steps are 
shown in Fig. 1. 

 
 

 
 

Fig. 1. The contour error coupled control steps. 
 
 

2.2. The Commonly Used Contour Error 
Computing Models 

 
The contour error tangent approximation 

computing model is shown in Fig. 2 [12]. For the 

general two-dimensional curve, suppose point P be 
the actual cutter position on some sampling period, 
point P* be the ideal cutter position on the moment, 
line L be the tangent through point P* on the ideal 
tool path, the angle between line L and X axis be θ , 
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and the following error which expresses the distance 
between the actual and the ideal cutter position be E, 
then it can be obtained: 
 

 PPE −= * , (2) 
 

Suppose the projection of following error E along 
X axis and Y axis be Ex and Ey respectively, and the 
closest point from point P to the target contour be P1. 
Then the contour error can be obtained: 
 

 PP −= 1ε , (3) 

 
The calculation of point P1 coordinates is very 

complicated for the complex curve. So many 
researchers use the contour error tangent 
approximation computing model. Let PP1

* 
perpendicular to tangent L. When the following error 
is smaller, the contour error can be calculated 
approximately with Equation (4): 
 

 PP −= ** 1ε , (4) 

 
 

 
 

Fig. 2. The contour error tangent  
approximation calculation. 

 
 

For the general curve, the curvature radius of 
certain point can be obtained: 
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where 
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 and 
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yd
 are the first derivative and 

second derivative respectively. 
Consequently, the contour error can be obtained 

with Equation (6) for general profile curve: 
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3. The Immune Self-adjusting Contour 
Error Coupled Control Method 

 

As shown in Fig. 1, the contour error which 
calculated according to interpolation instruction and 
actual tool position on each sampling period, should 
be converted into contour error compensation control 
quantity. The commonly used contour error 
compensation control method is shown in Fig. 3. On 
each sampling period, adopt following error PID 
position controller to calculate contour error 
compensation control quantity. This method is 
simple, but the compensation effect is unsatisfactory 
in machining. 
 
 

 
 

Fig. 3. The commonly used contour error compensation 
control method. 

 
 

There are T cells and B cells in the immune 
system of organisms. And B cells can secrete 
antibody to eliminate external invasion antigen [13]. 
In immune response process, T cells can promote or 
inhibit the proliferation and differentiation of B cells, 
which plays an important role in immune regulation. 
Adopting the biological systems immune mechanism, 
the immune self-adjusting contour error coupled 
control method is developed in the paper, which 
combining the advantages of the immune mechanism 
and classical PID control algorithm. The introduced 
method can obtain satisfactory system accuracy and 
system robustness even curve curvature change and 
external disturbances. The structure of the immune 
self-adjusting contour error coupled control is shown 
in Fig. 4.  
 
 

 
 

Fig. 4. The immune self-adjusting contour error coupled 
control structure. 
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The corresponding relationship between immune 
system and the contour error compensation control 
system is shown in Table 1. 
 
 

Table 1. The corresponding relationship. 
 

Immune system 
Contour error 
compensation control 
system 

The K generation of 
antigen and antibody 
breeding 

The K sampling period of 
CNC system 

Antigen concentration Contour error 

Antibody concentration 
Contour error 
compensation control 
quantity 

 
 

The introduced immune self-adjusting contour 
error control method is a nonlinear PID controller 
essentially. Suppose the variable gain in the k 
sampling period be kp1(k), then 
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where N is the constant. Suppose the control 
coefficients of X axis following error PID controller 
be kpx, kix, and kdx respectively; Suppose the control 
coefficients of Y axis following error PID controller 
be kpy, kiy, and kdy respectively; Suppose the control 
coefficients of Z axis following error PID controller 
be kpz, kiz, and kdz respectively. Suppose the 
projection of contour error )(kε  along X axis, Y 

axis and Z axis be )(kxε , )(kyε  and )(kzε  

respectively. Then the outputs of the immune self-
adjusting contour error coupled control in the k 
sampling period along X axis, Y axis and Z axis can 
be obtained: 
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Then the sum of contour error compensation 

control quantity and the following error position 
control quantity is output to each axis servo system to 
achieve position control. 
 
 

4. The Contour Error Coupled Control 
Experiments 

 
4.1. The Developed Three-axis CNC  

Milling Machine 
 

The three-axis high precision CNC milling 
machine is built up with personal computer (PC) and 
digital signal processing (DSP) motion card. The X 
axis, Y axis and Z axis adopt Yaskawa alternating 
current (AC) servo motors and drivers. The Z axis 
servo motor has brake function. All of the feed axis 
adopts grating ruler sensors for displacement 
measurement and feedback, and the pulse equivalent 
is 0.001 mm. As shown in Fig. 5, the grating ruler 
sensors are composed of instruction grating and 
grating reading head. The instruction gratings are 
fixed in the milling machine moving parts, and the 
grating reading head are arranged in the milling 
machine fixed component. The three-axis high 
precision CNC milling machine hardware structure is 
shown in Fig. 6. 

In the three axis CNC milling machine, the PC 
acts as upper computer and man-machine interface, 
which performs the command control, code editing, 
state detection and display function; And the DSP 
motion control card acts as lower machine which 
performs interpolation, position control, contour error 
coupled control functions. The PC adopts the 
Windows XP as development platform, and the data 
communication between PC and DSP is achieved 
through USB2.0. The software function structure of 
the CNC milling machine is shown in Fig. 7.  
 
 

4.2. The Contour Error Coupled Control 
Experiments 

 

As shown in Fig. 8, the tool path is expressed 
with NURBS curve:  

The control points be A1(55,0,55, A2(55,55,55), 
A3(0, 55,0), A4(-55, 55,-55), A5(-55, 0,-55), A6(-55, -
55,-55), A7(0,-55,0), A8(55, -55,55), A9(55,0,55); 

The corresponding weights are (1, 0.6, 1, 0.2, 1, 
0.5, 1, 0.3, 1);  



Sensors & Transducers, Vol. 181, Issue 10, October 2014, pp. 37-44 

 41

The knot vector be (0, 0, 0, 0, 0.25, 0.375, 0.5, 
0.625, 0.75, 1, 1, 1, 1).  

The feed speed is 700 mm/min. 
 
 

 
 

Fig. 5. The grating ruler sensors structure. 

When adopting the existing contour error 
compensation control method shown in Fig. 3, the 
interpolation feed contour error curve is shown in 
Fig. 9. Under the same working conditions, when 
adopting the developed immune self-adjusting 
contour error control method, the interpolation feed 
contour error curve is shown in Fig. 10. The contour 
error curve between Fig. 9 and Fig. 10 is compared in 
Table 2. The experiment results show that the 
proposed immune self-adjusting contour error control 
method can improve machine tool contour accuracy 
remarkably. 
 
 

Table 2. The contour error curve comparison. 
 

Figure 
Contour 

error 
max / (mm) 

Contour error 
mean / (mm) 

Contour 
error 

std / (mm) 
Fig. 9 
Fig. 10 

0.081 
0.052 

0.034 
0.026 

0.027 
0.012 

 

 
 

 
 

Fig. 6. The three-axis high precision CNC milling machine hardware structure. 
 
 

 
 

Fig. 7. The software function structure of the three-axis CNC milling machine. 
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Fig. 8. The tool path curve. 
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Fig. 9. The contour error curve when adopting the existing 
contour error compensation method shown in Fig. 3. 

 
 

0  3 6 9 12 15 18 21 24 27 30
0

0.01

0.02

0.03

0.04

0.05

0.06

（ ）Time  sec 

（
）

C
o

n
to

u
r 

e
rr

o
r 

 m
m

 

 
 

Fig. 10. Contour error curve when adopting the developed 
immune self-adjusting contour error control method. 

 
 
5. Conclusions 
 

The CNC machine tool servo drive system is 
much complex, and the transmission parts friction 
and electrical components parameters may change in 
machining, which will destroy the contour accuracy. 
The CNC machine tool contour error coupled control 

principle is analyzed in details with the arc profile 
machining as example, and the commonly used 
contour error computing models are discussed. 
Adopting the biological systems immune mechanism, 
the immune self-adjusting contour error coupled 
control method based on grating ruler sensors is 
developed in the paper, combining the advantages of 
the immune mechanism and classical PID control 
algorithm. The introduced method is testified on the 
three-axis CNC milling machine. And the results 
show that the proposed immune self-adjusting 
contour error control method can improve machine 
tool contour accuracy remarkably. 
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