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Abstract – This paper is to study the overall structure of the motion control system of the 
numerical control machine tool to improve motion control precision. It performs digital image 
processing on the obtained workpiece image, extracts the coordinate of the tool setting point, and 
calculates the distance of the tool setting. Comparison of algorithms in image processing 
accomplished and improved to increase the positioning accuracy and stability of the tool setting 
system. The results show that to improve the effect of workpiece edge detection, recommended by 
this study based on the Canny operator, and the morphological processing of the fusion image to 
detect the edge of the workpiece. In the algorithm of tool setting point coordinate extraction, an 
improved Hough transform algorithm is used to extract the coordinates of the center of a 
rectangular workpiece and a circular workpiece respectively, which reduces the complexity of the 
algorithm. In the algorithm of calculating the distance from the tool tip to the tool setting point, the 
optimization principle of the distance from the point to the straight line is used to determine the 
tool tip. Then, the descending distance of the tool is determined in the tool setting, completing the 
extraction of the three-dimensional machine coordinate of the tool setting point. Based on the 
camera calibration, the image is processed using a visual positioning software algorithm to extract 
the machine coordinates of the tool setting point of the workpiece and the tool’s descending 
distance. The motion information instruction is sent to the motion controller via the host computer. 
The motion controller controls the movement of the actuator, adjusts the movement distance of the 
three axes of the machine tool, to complete an automatic tool setting of the workpiece of the 
numerical control machine tool. It improves the intelligence and automation of the numerical 
control machine tool setting technology. 
 
Keywords: Numerical Control Machine Tool, Motion Controller, Automatic Tool Setting, Camera 
Calibration, Image Processing.  

1. Introduction 
 
With the development of science, technology, and the 
mechanical processing industry, the production of 
mechanical products tends to be more sophisticated, 
diversified and complicated. When the processed 
products are different, the machine tools and 
process equipment will be greatly changed and 
adjusted. To adapt the characteristics of modern 
product diversity, machine tool processing 
technology must be open and capable of adapting 
towards product changes. The emergence of 
numerical control machine tools solves this problem. 
The open numerical control system realizes that one 
device can process and produce a variety of 
products, which saves production costs and 
production space, and greatly promotes the 
development of the manufacturing industry [1]. 
However, according to relevant statistics, in the 

production and processing of machine tools, the 
preparation time for single or small-batch products 
in China accounts for 50%-70% of the total 
production cycle. The preparation time mainly 
includes the loading and unloading time of the 
fixture as well as the tool setting adjustment time. To 
shorten the preparation time and improve 
production efficiency, on the one hand, it is 
considered to reduce the demand for new fixtures by 
improving the production of flexible fixtures. While 
automatic tool setting technology is introduced to 
gradually eliminate the situation of manual 
adjustment of the tool setting in production and 
processing. Then, it will improve the degree of 
automation of machine tool production and the 
quality of product processing. This subject is mainly 
aimed at the latter which proposes to automatically 
adjust the position of the tool relative to the 
workpiece before the machining of the machine tool 

mailto:qizengjtcm11@163.com


Motion Control System of Numerical Control Machine Tool under Image Processing 

 

 

International Journal of Mechatronics and Applied Mechanics, 2020, Issue 8, Vol. II 22 

parts, that is, automatic tool setting. This subject is 
mainly aimed at the latter and proposes to 
automatically adjust the position of the tool relative 
to the workpiece before machine part machining, 
that is, automatic tool setting. 

With the development of industrial production 
towards the direction of automation and intelligence, 
the application of machine vision technology is 
becoming more and more widespread. Machine 
vision technology is also known as a sensor that 
simulates human organs to sense the external 
objective world. It is a comprehensive technology 
involving many fields, such as image processing 
technology [2]. Because of its non-contact and real-
time characteristics, it has been widely used in the 
field of industrial inspection and geometric 
measurement. It adapts the development 
requirements of intelligent systems for modern 
production. Coupled with the increasing 
requirements of numerical control machine tools for 
production and processing accuracy, many 
industries have set higher requirements for the 
accuracy and speed of production and processing as 
well as industrial inspection and positioning. 

According to the current problems of automatic 
tool setting of numerical control machine tools, this 
paper combines the image processing technology 
with the tool setting technology of numerical control 
machine tools. Then, it proposes a method of visual 
automatic tool setting of numerical control machine 
tools. A CCD camera is used instead of human eyes to 
obtain image information of the processed 
workpiece. A PC is used to replace the human brain 
to digitize the image.  

After filtering, denoising, binarizing, and edge 
detection on the image, size measurement and 
positioning are performed on the image.  

The obtained information is transmitted to the 

servo control system of the machine tool to control 

the movement of the actuator. In this way, the 

advantages of rapidity and non-contact 

measurement of machine vision are applied to the 

field of tool setting of numerical control machine 

tools. The primary purpose is to realize the 

automatic tool setting of numerical control machine 

tools and shorten the tool setting time in machine 

tool processing. Then, it will improve the accuracy 

and efficiency of tool setting, thereby improving the 

quality and efficiency of production and processing, 

with essential significance. 

 

2. Method 
2.1 Camera and lens selection 
 

The design of the visual automatic tool setting 

system adopts a modular design scheme, which 

mainly includes the image processing system of 

machine vision and the motion control system of 

numerical control machine tools. According to the 

difference of system hardware and software design, 

modular segmentation is carried out.  

At the same time, these two systems are based on 
the operation of a PC industrial control computer, 
using LabVIEW as a software development platform. 
It not only makes the image processing of the 
workpiece more convenient and faster but also 
makes the programming methods of motion control 
and visual positioning more flexible, with an 
excellent user friendly interaction interface [3].  

The overall framework of the system is shown in 
Figure 1. 
 

 

 
Figure 1: The overall framework of the system 

 
The selection of the camera should be determined 
according to the purpose of visual inspection. The 
first is to determine the resolution of the camera, 

which is based on the field of view, accuracy of 
positioning and the performance of the software 
used. The field of view of the camera in this system is 
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approximately 200mm×160mm, and the positioning 
accuracy is required to reach a physical size of 
0.1mm per pixel unit. The measurement accuracy of 
the visual assistant module in the LabVIEW software 
used can be set to 1/2. It can implement static 
photography and is used on the experimental 
platform of numerical control machine tools, without 
considering the impact of the environment.  

The resolution of the camera is 
200/0.1/2=1000pixel, and the resolution of the 
camera in the other direction is 160/0.1/2=800pixel.  

Therefore, when selecting a camera, the 

resolution must reach at least 1000×800 to meet the 

requirements. Black and white cameras in general 

positioning systems can meet the requirements.  

Considering that the color of the workpiece is 

generally dark, to better distinguish the workpiece 

from the background to improve the positioning 

accuracy, the system finally chooses the digital color 

camera of Daheng Image Mercury Series MER-132-

30UM/UC, as shown in Figure 2. 

 
Figure 2: Digital Camera of Daheng Industry 

 
Two cameras are essential in this studied system. 

Since both cameras have the same basic 
requirements and the workplace, they are both 
chosen. The camera has a small size and compact 
structure, with a space size of the only 
29mm×29mm×29mm.  

It takes up less space and is easy to install. Also, it 
can work stably in a variety of harsh environments. 
Thus, it is a highly reliable and cost-effective camera. 
The related performance parameters are shown in 
Table 1. 

 
Table 1. The main performance parameters of the camera 

Model MER-132-30UM 
Resolution 1292(H)x964(V) 
Frame rate 30fps 
Sensor type 1/3"CCD 
Pixel size 3.75um×3.75um 
Spectrum Black and white/color 
Data interface MiniUSB2.0 
Power consumption Rated<lW (@5VDC) 
Lens interface C 
Mechanical Dimensions 29mm×29mm×29mm, without connectors 
Working temperature 0℃~+60℃ 

Working humidity 10%~80% 
Weight 42g 

 
When selecting the lens of the camera, the focal 
length of the lens should be determined according to 
the field of view of the workpiece image required by  

the system and the size of the sensor of the selected 
camera. The schematic diagram of the camera lens 
imaging is shown in Figure 3. 
 

 
Figure 3. The schematic diagram of the lens imaging 
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From the geometric position relationship: 

f

fl

WD

l

D

d

FOV

CCD 
                                             (1) 

Where: DFOV represents the size of the field of view in 
the positioning system. WD represents the distance 
between the camera lens and the object. l represents 

the distance between the lens and the imaging 
object. dCCD represents the size of the camera 
imaging sensor.  

The camera model is determined. The size of the 
camera sensor can be found in the corresponding 
size table, as shown in Table 2. 

 
Table 2. The size specification table of the camera sensor 

Specification  1" 2/3" 1/2" 1/3" 1/4" 

v (vertical) 9.6mm 6.6mm 4.8mm 3.6mm 2.4mm 

h (horizontal) 12.8mm 8.8mm 6.4mm 4.8mm 3.2mm 

 
According to the installation position of the camera 
in the system, the distance WD from the camera lens 
to the object is approximately 300mm. The height of 
the photographed workpiece in the vertical direction 
is V=160mm, and the length of the photographed 
workpiece in the vertical direction is H=200mm. The 
camera sensor type selected in the camera selection 
is 1/3". With these known parameters:  

024.02008.4 FOVCCD Dd                        (2) 

2.2 Image acquisition card 
 

The image acquisition card is a bridge connecting 

the image acquisition equipment to the host 

computer. After the image is collected, the signal 

transmission speed is particularly high in the 

process of signal transmission, and the universal 

transmission interface cannot meet the 

requirements in terms of transmission speed. The 

image acquisition card has a data buffer area and 

used as an intermediary for signal transmission, 

which can solve the problem of transmission speed. 

At the same time, it also provides the function of a 

digital VO port, which is convenient for the host 

computer to process and store the image signal in 

real-time [4-5].  

When an image acquisition card is used with a 

camera, the transmission format of the image must 

be considered first. It is necessary to make sure that 

the selected acquisition card supports the output 

format of the camera signal. The standard interfaces 

of digital cameras and acquisition cards are generally 

IEEE1394, USB2.0 and Camera Link. Among them, 

the transmission rate of Camera Link data is up to 

1Gbits/s, and the noise resistance is relatively stable. 

The data line is up to 3 meters, and the longest can 

reach 10 meters.  

Also, the performance-price ratio is relatively 

high. Thus, the Camera Link interface method is 

finally chosen [6]. Considering the actual needs of 

the system and performance-price ratio, this paper 

chooses the domestic Daheng Image DH-VT142 four-

channel color/black and white image acquisition 

card, as shown in Figure 4. 

 

 
Figure 4. DH-VT142 image acquisition card 

 
The use of this image acquisition card is flexible and 

highly integrated. The bus interface is the PCI-Ex1 

bus, and the collected image data transmission 

almost does not take up CPU time. It can be used 

with a variety of camera models and supports 

Windows/XP/Linux operating systems as well as 

many software development platforms, such as 

LabVIEW, VC, VB, Delphi, and C++Builder, which 

facilitates secondary development for users.  

 

2.3 Motion control card 
 
The motion control part is one of the core parts of 

numerical control machine tools. At present, the 

motion control methods of machine tools mainly 

include PLC control and motion control card control. 

Considering the flexibility and openness of the 

processing platform, this paper selects the motion 

control card to control the machine tool [7-8]. 

Currently, there are three motion control cards used 

on numerical control machine tools: PMAC, TRIO, 
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and GALIL. Keeping in view the positioning accuracy 

of the system and the price, the DMC-2143 motion 

control card of the GALIL company is selected, as 

shown in Figure 5. 

 

 
Figure 5: DMC-2143 motion control card 

 
DMC-2143 motion control card can realize four 

degrees of freedom control. 4MFlash EEPROM 

memory is provided in the processor for storing 

application programs, parameters, variables, and 

arrays. At the same time, more than 100 instructions 

are provided for users for motion control and 

parameter setting. It can be used in various 

situations such as vector positioning, point-to-point 

positioning, combined motion, and track motion. The 

controller provides 8 TTL inputs and 8 TTL outputs 

for universal/O control. The instruction code is sent 

in binary code or ASCⅡ code, and the user can send 

the instruction through the communication port.  

The motion controller immediately executes or 

downloads the code to the memory, and runs away 

from the host to improve the performance of the 

host’s multitasking collaboration. 

DMC motion controller can control both the step 

motor and servo motor. According to the different 

motor control methods, several different motor 

control signals are provided, mainly including ±10V 

analog voltage signal, a sine wave signal, 

pulse/direction signal.  

Specific parameters should be configured in 

practical applications. Meanwhile, acceleration and 

deceleration process control instructions are 

provided for flexible control, reducing the impact 

and vibration of the mechanical part during the 

motion. 

 

 

 
 

3. Result and Discussion 

3.1 Image pre-processing 

 

To realize the visual positioning of the machining 

workpiece, a series of image processing and 

operations are performed on the acquired image. It 

mainly includes image pre-processing, image edge 

detection, extraction of tool setting point coordinate, 

and calculation of tool setting distance. Then, 

automatic tracking and positioning of the tool setting 

point of machining workpiece in the three degrees of 

freedom can be realized.  

The processing of the workpiece image and the 

visual positioning of the tool setting point are shown 

in Figure 6. 

First, under the LabVIEW vision development 

module platform, the collected images are pre-

processed. Then, the edge detection and 

morphological processing are performed. Finally, 

based on the shape characteristics (circular, 

rectangular) of the processed workpiece, it is 

improved based on the Hough transform to write a 

streamlined positioning algorithm. It can obtain the 

coordinates of the tool setting point of the machining 

workpiece and complete the extraction of the 

coordinates of the tool setting point in the horizontal 

direction.  

Subsequently, the tool is moved directly above 

the tool setting point. Through a series of image 

processing and algorithms, the distance from the 

tool tip to the tool setting point is calculated to 

complete the automatic tool setting of the workpiece. 

A grayscale image means that the three-color 

components RGB are all equal, and the color value 

range of pixels in the image is generally from 0 to 

255. 

 For the three RGB components in a color image, 

each color component has 255 value ranges. The 

operation of a color image is much higher than that 

of a grayscale image when performing pixel 

calculation. Therefore, to improve the operation 

speed of image processing, the collected workpiece 

images are converted into grayscale images. 

 
 



Motion Control System of Numerical Control Machine Tool under Image Processing 

 

 

International Journal of Mechatronics and Applied Mechanics, 2020, Issue 8, Vol. II 26 

 

 
Figure 6: The process of workpiece image processing and tool setting point coordinate extraction 
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Table 3. Workpiece measurement results 

Actual value/mm 
Measurement 

value/mm 
Corresponding pixel 

value 
Measurement error 

20 20.015 8771.039 -0.018 
20 20.014 8771.008 -0.017 
20 19.891 8771.003 0.008 
20 20.009 8771.011 -0.009 
20 19.896 8771.019 0.003 
20 19.898 8771.001 0.001 
20 19.886 8771.006 0.012 
20 19.899 8771.005 0.001 
20 20.012 8771.028 -0.012 
20 20.002 8771.029 -0.005 

 
From the table above, the size error of 10 
measurements is within the range of ±0.02, and the 
error of the camera calibration is relatively small, 
which meets the actual needs. In the actual working 
environment, the noise has a significant impact on 
the quality of image processing, which mainly 
includes the channel transmission and conversion of 
the CCD camera during image acquisition. Due to the 
interference of the device itself or the external 
environment, the vibration of the machine tool and 
other factors, the acquired image will be affected by 
inevitable noise. Also, these noises are random and 
unpredictable. Therefore, to improve the positioning 
accuracy of the workpiece, it is necessary to perform 
filtering and denoising processing on the acquired 
image, which is commonly referred to as image 
smoothing processing, to reduce the effect of noise 
on the image. 
 

3.2 Analysis of Canny operator image edge 
detection results 
 

The Canny edge detection operator is a first-
order differential operator. It is an improvement 
based on the first-order differential operator, that is, 
non-maximum suppression and double threshold 
detection are proposed. It can improve the 
positioning accuracy of edge detection, and 
effectively reduce the situation of edge miss 
detection. 

In this analysis, the first step is the removal of 
noise. A two-dimensional Gaussian function is used 
to smooth the image. Generally, a template and an 
image with a size of 5×5 are selected for convolution 
operation. The gradient value and direction angle of 
the smoothed image are calculated.  

The first-order differential finite difference is 

used to obtain the partial derivatives in the x and y 

directions. Then, the gradient amplitude and 

direction angle are obtained [9-10]. Non-maximum 

suppression: By comparing the gradient values of the 

pixels, the gradient value of the center pixel is 

compared with the value of two adjacent pixels along 

the gradient direction. 

If the value of the center pixel is greater than two 

adjacent pixel values, the center pixel with the 

largest gradient value in the gradient direction is 

retained as an edge. Otherwise, the value of the 

center pixel is cleared to zero. Generally, the gradient 

value at the edge center is the largest. As the 

distance along with the gradient direction increases, 

the gradient value will gradually decrease [11].  

Double threshold detection and edge connection: 

Setting two thresholds, usually the relationship 

between the two thresholds is tlow=0.4thigh. The pixels 

with pixel gradient values higher than thigh are 

marked as edges. At the same time, if the threshold 

exceeds the pixel of tlow (between the high and low 

thresholds), and it is 1-adjacent or 8-adjacent to the 

pixel that has been marked as an edge, then, it is also 

considered as an edge. Finally, the detected edges 

are connected to complete the edge extraction of the 

entire image. 

The edge detection module of the image is 

improved based on the traditional edge detection 

gradient Canny operator. First, the image 

morphology processing is performed before 

detection [12-14]. After the image segmentation is 

implemented, the target in the connected area of the 

default binary image is white, and the background is 

black. Therefore, before the image area is filled, the 

processing of the reverse color should be performed. 

With the help of the Binary Image Inversion in the 

visual assistant, the background pixels and the target 

pixels are reversed. Then, the empty area is filled. In 

this way, the closed area of the target can be 

regarded as the detection entity to reduce the 

influence of internal noise. The IMAQ FillHole VI 

function implements the image fill function. 

Edge detection is performed on the image based 

on image pre-processing. The final processing result 

is shown in Figure 7. 
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Figure 7: Effect of operator edge detection 

 
From the above effect, the Canny operator has a 

better effect on the continuity of edges, and it is less 
affected by noise. Also, it has higher accuracy of edge 
positioning and the detected edge integrity is better 
than other operators. 

 
 

3.3 Analysis of the motion control module 
 

The system’s motion control module is mainly 

implemented by controlling the motors in the X, Y, 

and Z axes to control the movement of the three-axis 

mechanism. The motor control adopts the position 

control method. The control program of the motor is 

also called according to the module, which mainly 

includes the zero return part and the fast positioning 

part of the machine tool. The GailTools can define the 

fixed part of these program segments. According to 

the communication between the host computer and 

the motion controller established above, in 

operation, each program segment can be called 

directly by running LabVIEW. Dynamic control 

instructions send instructions to the motion 

controller directly at the command end by defining 

variables. The part written in GailTools is shown in 

Figure 8. 

 

 
Figure 8: Part of the motion control segment of “GailTools” 

 
After the basic fixed program is downloaded to the 
motion control card, the motion of the actuator can 
be driven. Taking the zero-return operation of the 
machine tool as an example, through the established 
communication method, XQ (execute) #HOME is 
entered at the command end of the subfunction of 
the calling node of the “ActiveX” palette on the back 
panel of LabVIEW. When LabVIEW performs this 
operation through the control button connected to 
the conditional structure, it will directly call the 
defined HOME program segment in the memory of 
the Galil controller. The implementation of other 
motion control is similar to this method. 

The mechanical mechanism debugging and 
communication debugging for hardware connection 
are performed in the established tool setting system. 
The design scheme is modified and optimized 
according to the problems in debugging to ensure 
that the system operation can achieve the best effect. 
Then, the experiment of the visual automatic tool 
setting is completed, and the theoretical analysis of 
the experimental results is performed. The results 
show that the developed visual tool setting system is 
theoretically feasible, which not only improves the 
speed of tool setting, but also ensures the accuracy of 
tool setting. 
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4. Conclusions 
 
In this paper, the image processing technology is 

combined with the tool setting technology of the 

machine tool. With LabVIEW as the software 

development platform, a visual automatic tool 

setting system of the machine tool is developed to 

realize the visual automatic tool setting. The system 

operation results show that the tool setting method 

is theoretically feasible, and the overall operation is 

stable and reliable. It not only improves the speed of 

tool setting, but also ensures the accuracy of tool 

setting, solving the problems of low positioning 

accuracy and efficiency of the traditional manual tool 

setting. This paper performs digital image processing 

on the obtained workpiece image, extracts the 

coordinate of the tool setting point, and calculates 

the distance of the tool setting. Among them, in the 

image edge detection, the Canny operator is selected 

by comparing the processing results of several 

operators. To improve the effect of edge detection, 

this study is improved based on Canny operator, and 

the morphological processing of the fusion image is 

used to detect the edge of the workpiece, improving 

the effect of edge contour detection. In the feature 

point extraction algorithm, an improved Hough 

transform method is used to calculate the 

coordinates of the centers of the rectangular and 

circular workpieces, respectively. Among them, in 

the extraction of rectangular workpiece feature 

points, the parameter space is firstly detected locally. 

Then, the targeted global detection is performed to 

avoid the blindness of detection. For the coordinate 

extraction of feature points of circular workpieces, 

the Hough gradient method is used to reduce the 

dimensions, which decreases the complexity of the 

algorithm. 

Due to time constraints, the automatic tool 

setting system of this numerical control machine tool 

should be improved and expanded in the subsequent 

development and research. In terms of software 

development, due to the limited personal software 

development capabilities, there may be specific bugs. 

Thus, it is necessary to continuously optimize and 

improve to enhance the portability and practicality 

of the software. In the calculation module of the tool 

setting distance, the identification of the tool tip can 

be improved by using the template matching method 

or other methods. 
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