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Abstract: This paper presents a detection system for wheel billet end face angular deviation based on laser 
ranging method. Using three parallel lasers Irradiate the checking surface at the same time, the distance between 
the wheel billet end face and the laser sensors can be obtained, then the angle between the checking face and the 
reference plane is calculated by using the geometric theory and the standard cylindrical steel billet. And the 
multi-sensor networks based on the CANopen protocol and the communication conversion module is 
constructed to achieve the data transmission and display. The wheel is marked and excluded when it exceeds the 
allowable tolerance before the following process, the saw machine and the saw blade is repaired when the 
system alarms. The effective of detection system and measurement algorithm is verified through field test. 
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

Currently, more than ten countries in the world 
can product the solid wheel, such as USA, France, 
Japan, Germany, the Czech Republic, India and 
China [1]. The traditional ways to produce the train’s 
wheels are casting method, forging method, forging-
rolling method, and steel rolling method, but the 
forging-rolling method is the most widely used [2, 3]. 
Nowadays Maanshan iron and steel co., Ltd has the 
maximum capacity of producing the rolled steel 
wheels, the third rolling production line is not only 
the shortest process but also the highest degree of 
automation and informatization. The train wheels of 
the third rolling production line is used the forging-

rolling steel technology [4], besides, forge flash and 
cutting margin has been well controlled. However, 
the premise is that the size and shape of material 
cutting of forging blank should be accurate, the 
position of the forging blank should be accurate too. 

The first procedure is blanking when the wheels 
are on the production line, i.e. the certain length 
cylindrical steel bar in accordance with the 
specification of the wheels of a volume of material 
required will be cut on the numerical controlled disc 
sawing machine. The process of sawing has two main 
requirements. First, in order to ensure the necessary 
and appropriate amount of material of the follow-
wheel, cutting length should be within the tolerance 
range, which will be without wasting billet. Second, 
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the verticality between the end face and the billet’s 
vertical axis of the cylindrical billet should be in a 
certain tolerance range. Otherwise, that might cause 
uneven thickness of the circumferential direction of 
the wheel’s spokes after forging. More severely, it 
will produce waste product, which is a side of short 
spokes and the other side of more flash. The 
tolerance requirements can be meet with controlling 
the cutting length on the numerical controlled disc 
sawing machine. But sometimes the billet’s end face 
and the billet’s vertical axis of the cylindrical billet 
can’t be vertical because of the circular saw blade’s 
attrition and shimmy and etc. At present, the method 
of artificial sampling by angle ruler is used for 
sampling on the production line, thus the volume of 
workload will be quite large and mistakes are liable 
to occur. If the billet end is sawed partially, a number 
of unqualified billets will produce which seriously 
affects the rate of finished products, so it is necessary 
to detect the billet verticality of the sawed billets 
online. The wheel will be remarked and exclude 
before the following process when it exceeds the 
tolerance, then the system alarms so that the saw 
machine and the saw blade will be repaired. If the 
partially sawn billets can’t be detected timely, the 
blanking length of billet must be lengthened in order 
to ensure the stable production of the qualified wheel, 
which inevitably leads to the waste of raw material, 
energy consumption of heating process before 
forging, prolong the processing time of the follow-up 
process and improve the manufacturing cost greatly. 
 
 

2. The Vertical Detection Method of the 
Train Wheel’s Billet Face 

 
Three laser ranging sensor are installed on the 

three vertices of an equilateral triangle on a plate, 
thus the laser components are formed. The plate is 
perpendicular to the axis of the cylinder billet tested 
and the distance between the plate and the cylindrical 
billet’s end is about 250 mm, which is just as shown 
in Fig. 1.  
 
 

 
 

Fig. 1. The structure diagram of the detection system. 
 
 

The red lights (Fig. 1 d1, d2, d3, Fig. 2 three 
horizontal arrow of Z direction) sent out by three 

laser distance sensor are parallel. The red lights’ 
calibration is strictly parallel and the side of the 
equilateral triangle is l. 

ΔABC whose projection is ΔA’B’C on the XOY 
plane of the xyz coordinates represents the end face 
detected in Fig. 2 and the angle of the two plane is α 
according to the auxiliary line in Fig. 2. 
 
 

 
 

Fig. 2. The deviation calculation schematics of the wheel 
billet’s end face. 

 
 

The distance between the laser and the end face 
measured in C, A, B point is not equal, because the 
end face is not perpendicular to the axis of the billet. 
Set up they are d1, d2, d3. Taking C as the reference 
point, the distance between A and C and the distance 
between B and C are just shown below: 
 

 
122 ' ddAA −==δ , (1) 

 

 
133 ' ddBB −==δ , (2) 

 

Fig. 3 is the projection of the wheel billet’s end 
face. ΔA’B’C is an equilateral triangle, whose side 
length is l. 
 
 

 
 

Fig. 3. The projection of the wheel billet’s end face. 
 
 

 DEB DFC′Δ Δ   

'
'

DB
EB CF

DC
∴ = , 

(3) 

 
 sin 60CF l= ° , (4) 

 
 ' cos 60FB l= ° , (5) 



Sensors & Transducers, Vol. 174, Issue 7, July 2014, pp. 222-228 

 224

 DBB DAA′ ′Δ Δ   

3

2

'
' ' ( ')

'

BB
DB DA l DB

AA

δ
δ

= = +  

3

2 3

'
l

DB
δ

δ δ
= , 

(6) 

 
2 2 2 2( ' ')DC CF DF CF DB FB= + = + +  

(7) 
 

Equations (4) (5) (6) are substituted into the 
formula (7), so: 
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Formula (2) (4) (6) are substituted into formula 

(8), so: 
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Angular deviation is converted into the bus length 

difference of the sawing cylindrical billet’s surface, 
which is just described below. 
 

 tanDδ α= , (11) 
 
where D is the diameter of sawing billet to be tested. 

The sawn billet is placed on the v-shaped groove 
of the trolley and the sawn billet move to the point, 
where the laser will measure. Considering the  
v-shaped groove will wear and will be not parallel to 
the laser line, the measurement error caused by the  
v-shaped groove must be eliminated. Before using 
the measurement system or using a period of time, 
put the finished the standard cylindrical billet whose 
angular deviation is 0.01 on the measurement 
position, distance between distance laser sensors and 
the standard and cylindrical billet’s end face can be 
measured, respectively, the distance is d01, d02 and 
d03, so δ2 and δ3 in the formula (10) are replaced by 
what are described below. 
 

 
2 2 02 01 1( )d d d dδ = − − − , (12) 

 
 

3 3 03 01 1( )d d d dδ = − − − , (13) 

 
The angular deviation detection process is shown 

in Fig. 4. 
1) First, the type of the detected billet have to be 

chose in the system operation interface after opening 
the detection system’s power switch and start the 

detection system, the types are that A represents 
φ380 mm wheel billet and B represents φ450 mm 
wheel billet. The limit deviation tolerance δxm (5 mm, 
adjustable) and the painting time (2 s, adjustable) will 
be set. 
 
 

 
 

Fig. 4. The flowchart of detection. 
 
 

2) After putting the standard cylindrical billet on 
the transporting trolley, the operation control system 
of the trolley will signal to trigger the laser sensors 
started when the trolley travels to detection position, 
then the laser starts ranging. Next removing the 
standard cylindrical billet and the car returns back.  

3) The sawing billet will be pushed to the 
transport car and the three-point distances are 
measured by the laser ranging sensors when the car 
travels to detection position. 

4) The system makes data analysis and judgment 
according to the formula (10)~(13) and the detection 
accuracy is not more than ±0.1 mm. 

5) If the bus length difference (δx) of the sawing 
billet according to the formula (11) is more than the 
allowable value of the deviation (δxm), the system 
will alarm and spray tags. The qualified billets will 
be count on, and the billet measured continues to 
move forward and enters the next transmission roller. 

6) The next billet’s transportation and testing will 
be start when the car returns to the original position. 
 
 

3. The Hardware Structure  
of the Detection System 

 

The system hardware is mainly composed of the 
laser ranging module, the sensing and control 



Sensors & Transducers, Vol. 174, Issue 7, July 2014, pp. 222-228 

 225

module, the human-computer interaction module, the 
mechanical equipment, the automatic spraying 
marking device and the alarm device, etc, which is 
just as shown in Fig. 5. 
 
 

 
 

Fig. 5. The hardware structure of the detection system. 
 
 

The laser ranging module mainly includes three 
high-precision laser displacement sensor whose range 
is 200~300 mm. The laser ranging sensor whose 
measurement accuracy is 10 microns, repeated 
measurement accuracy is 10 microns, the sampling 
frequency is 1~5 kHz and the output is the RS422 
digital signal. 

The sensing and control module completes the 
sensors’ input signal collection, processing, 
calculation, analysis and completes transmitting and 
sending the output signal of the relay control 
instruction, etc. Because the three laser ranging 
sensors are the serial output based on RS422, The 
RS422 protocol is converted to CAN bus protocol by 
using the CAN-422 signal conversion module [5-7] 
and sent to the controller via the CAN bus, which 
ensure the corresponding relation between the signal 
collected of the laser sensor and the mounting 
position of the sensor and ensure the remote 
transmission of signal.  

The human-computer interaction module mainly 
provides an interface for the control system and the 
I/O modules, and interacts data with control systems 
and controls commands through the RS232 protocol 
and the CAN bus protocol and other protocols. This 
system uses a touch screen as the hardware of the 
human-computer interaction module and the touch 
screen is connected with the controller through the 
CAN bus. The controller will sent the real-time data 
collected by the external device to the touch screen 
through the form of the PDO message, will reflect the 
state of the billet’s end face in the form of a chart and 
will realize the real-time data’s display. At the same 
time, The instructions are issued In the form of SDO 
message and the parameter’s settings and 
modification of the system will be realized by using 
the virtual buttons. 

The mechanical device is as shown in Fig. 6. The 
laser ranging sensor component 5 is opposite to the 
billet 9 and the distance is about 250 mm. The 
automatic gun 3 is installed on the frame 4, which 

just locates above the billet and the distance is 
150 mm. 
 
 

 
 
1 – the control cabinet components; 2 – the gas-liquid 
electromagnetic directional valve; 3 – the automatic spray gun;  
4 – the frame; 5 – the laser ranging sensor components;  
6 – the pneumatic electromagnetic directional valve; 7 – the track 
and transport car; 8 – the mixing barrel of paint pressure; 9 – billet. 

 
Fig. 6. The mechanism diagram of the online  

detection system. 
 

 
The laser ranging sensor components and the base 

of the laser ranging sensor are connected by bolts as a 
whole. The laser beam can rotate in the vertical plane 
by adjusting the vertical fine thread screw to drive the 
base of the laser ranging sensor and the laser ranging 
sensor components to rotate around the horizontal 
axis together. The laser beam can rotate in the 
horizontal plane also by adjusting the level fine 
thread screw to drive the base of the laser ranging 
sensor and the laser ranging sensor components to 
rotate around the vertical shaft together. Finally the 
laser beam is perpendicular to the standard 
cylindrical billet by the coarse adjustment. 

The automatic spraying marking device is 
composed of the automatic spray gun, the pneumatic 
electromagnetic directional valve, the gas-liquid 
electromagnetic directional valve, the mixing barrel 
of paint pressure, cross connection, pipe line and gas 
source. The air pressure is 0.2~0.3 MPa and the 
pneumatic electromagnetic directional valve’s 
primary role are to realize that the automatic spray 
gun keeps the gas source on or off. When the gas 
source is on, the automatic spray gun is in working 
condition, and when the gas source is off, the 
automatic spray gun is in a waiting state. The main 
role of the gas-liquid electromagnetic directional 
valve is to control the switch between the liquid 
sprayed and the gas source of the spray gun blowing 
off. When the spray gun and the liquid are turned on, 
the spray gun will paint and the gas-liquid 
electromagnetic directional valve will change 
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direction, then the spray gun connects with the gas 
source of the spray gun blowing off, the gun sprays 
the remaining coatings in the pipeline for the sake of 
preventing the nozzle being blocked from the paint 
when waiting for a long time. 
 
 
4. The Design of the Detection  

System’s Software 
 

After the control system receives the car’s signal, 
the three laser displacement sensor will be powered 
and conduct the measurement and the process is as 
shown in Fig. 4. According to the process, the 
system’s software consists of the display module of 
data, the module of control command, the module of 
alarming, the module of data’s storage etc. 

1) The display module of data: the controller 
sends the data collected by the laser ranging sensor to 
the monitor touch screen through the PDO and 
displays on the interface, and which includes the 
angular deviation of the end face, the length 
difference of the billet’s bus bar, the number of 
testing and other information. 

2) The module of control command: the operator 
makes the detection system issue the instructions and 
set the initial data through the virtual buttons on the 
touch screen, which includes the detection mode, the 
allowable tolerance and other instruction operations 
and data setting. 

3) The module of alarming: the system will make 
the sound and light alarm, spray the tag and remind 
the operators troubleshooting when the sampling data 
of one laser displacement sensor is exceeded, the 
angle deviation exceed the allowable tolerance or one 
peripheral communication breaks down. 

4) The module of data’s storage: this module 
saves the angular deviation value of each billet’s end 
face, which is made into a form to keep and call in 
the future. 

The field controller defines the global variables’ 
variable name, register address, type, stitch label and 
other attributes in the CoDeSysV2.3 environment. A 
variety of input variables are sampled after the 
program is running, and the controller outputs and 
refreshes the signal through the output image register 
after the signal’s calibration and processing. 

The detection system follows the CAN open 
protocol, which stipulates there must be the one and 
only one master node in the agreement [8, 9]. 
Therefore, this controller is the master node in this 
paper, the touch screen and the three laser ranging 
sensors are the slave nodes. At the same time, in 
order to make the collected displacement signals 
correspond to every laser sensor, the ID of the 
message identifier of each laser sensor in the CAN 
network node is set differently in this paper (in the 
design of three different identifier of 088, 090 and 
098, which are corresponding to the signal of the 
laser sensor), which make the collected data one to 

one correspond to its sensor, make the signals’ 
transmission transparent. 

According to the control requirement, the main 
features of bus communication are: 1) The touch 
screen starts and stores the parameters via the SDO. 
2) The signal of the controller is sent to the 
monitoring touch screen though the CAN_1 bus. 
3) The touch screen sends a requested command to 
modify the parameters of the controller when the 
operator changes the initial parameters. 4) The 
controller receives the signal of the three laser 
ranging sensor though the CAN_2 bus. 5) The 
controller uses the PDO to send the message, which 
also sends the operated and processed data of the 
laser ranging sensor, the I/O port data and each state 
quantity to the screen that will show the data through 
the bus. 6) The operator sends the command by the 
touch screen and sends the command to the controller 
through the bus again. The main communication 
messages of this detection system are as shown  
in Table 1. 
 
 

Table 1. The main communication messages  
of this detection system. 

 
Name The variable name COB-ID 

Laser ranging sensor’s data d01~d03 PDO180 
Angular deviation/Bus 
bar’s length difference α,δ 

α/δ value PDO381 

The error data of sensor L(1~3)/T(1~6)_error PDO381 

1#Laser sensor’s ranging d1 PDO088 

2#Laser sensor’s ranging d2 PDO090 

3#Laser sensor’s ranging d3 PDO098 
Control commands of 
detection 

Multiple variables PDO182 

The system’s initial 
parameters 

Multiple variables 
SDO609 
SDO589 

 
 

This system completes the conversion between 
the RS422 bus and the CAN bus by using the  
CAN-422. The system also realizes the transceiver 
and processing of the signal with multiple nodes on 
the CAN bus through the setting of the conversion 
module. The Intelligent communication conversion 
module converts and packages the received data 
when the laser ranging sensors send the data, then 
sends the data from the CAN port to the CAN bus 
after adding the frame header and the checking. 

Because the system adopts the standard frame 
message and each frame is no more than 11 
bytes [10, 11] (eight data bytes and other frames’ 
information), the protocol conversion from the  
RS422 to the CAN ,which needs the multi-byte data 
of RS422 to compose the frames of the RS422 
corresponding to the frames of the CAN, then the 
serial port is interrupted many times to receive the 
frame data of the RS422 through the program of the 
serial port’s interruption, which is stored in the 
corresponding CAN data who will be sent to the 
buffer and starts sending. 
 



Sensors & Transducers, Vol. 174, Issue 7, July 2014, pp. 222-228 

 227

5. The Debugging and Testing of this 
System 

 
5.1. The Problems and Solutions of the 

System’s Debugging 
 

There is the phenomenon that the detected and 
obtained data might be garbled or error in the system 
debugging phase. After repeated testing, two reasons 
are found. The first one is the two-way 
communication of the CAN-422 conversion module, 
the other one is that the laser displacement sensor’s 
sampling frequency is too high. 

1) The two-way communication of CAN-422. 
CAN-422 has the function of two-way 

communication, which can receive a message and 
also can send a message. Every one of the three 
CAN-422 modules might receive the data sent by 
other conversion module before setting, which make 
the data confusion. 

According to the shielding principle of ACR 
AMR, the message sent to the CAN could be 
received [12, 13] ,only when the message identifier’s 
ID (1-3) is equal to the bits of the acceptance code 
(ACR1-3) corresponding the acceptance shielding 
code (AMR1-3). In order to make each CAN-422 
merely send message to the controller and shield the 
packets from other nodes, all the acceptance 
shielding code (AMR1-3) must be set at zero. 

2) The Laser displacement sensor’s sampling 
frequency. 

The measuring frequency of the laser ranging 
sensor is 1 KHz in this system. However, the 
conversion rate of the conversion module of  
CAN-422 is relatively low, which lead to block the 
paths of the internal data of CAN-422 module and 
appear the wrong phenomenon. The problem is 
resolved after each data measured of the 10 groups 
are packaged and averaged by setting the micro-
controller of the laser  sensor, then send the data to 
the conversion module of CAN-422 through the port 
of RS422. 
 
 
5.2. The Testing Experiment 
 

The man-machine’s interface of this system is 
shown in Fig. 7. 

The v-shaped car with the standard and 
cylindrical billet move to the test point and the initial 
parameters measured during the experiment are just 
as shown in Table 2. The test results are just as 
shown in Table 3 by using two wheel billets to verify 
this algorithm respectively. 
 
 

Table 2. The table of the initial parameter unit: mm. 
 

Diameter of the workpiece d01 d02 d03 l 

Φ380 250.15 250.38 249.64 230

 
 

Fig. 7. The main interface of man-machine. 
 
 

Table 3. The results of the actual tests unit: mm. 
 

Name 
Sample 

one 
Sample 

two 
1#Laser sensor’s ranging d1 249.42 250.34 
2#Laser sensor’s ranging d2 251.73 251.67 
3#Laser sensor’s ranging d3 250.66 252.98 
Angular deviation α(degree) 0.009721° 0.013902° 
The length difference of 
billet’s bus bar δ 

3.69 5.28 

The measured length 
difference of billet’s bus bar δ/ 3.72 5.32 

 
 

In the table, the d01~d03 are the calibration 
distance data of the sensors and the d1~d3 are the 
distance data of the sensors when the billet’s end face 
are measured.  

According to the company’s requirement ,the 
required detection accuracy of the system is ±1 mm 
for the detected workpiece whose diameter is 
380 mm, the bus length deviation values of δxm is 
5 mm. With the method of manual measurement, the 
bus length deviation value of sample 1 is 3.72 mm, 
and the bus length deviation value of sample 2 is 
5.32 mm. The error between δ and δ is less than 
0.05 mm and there is no problem the tested accuracy 
reaches ±1 mm, which meets the requirements of the 
detection system. Obviously, the sample 1 is 
qualified and the bus bar’s length deviation of the 
cutting end face of the sample 2 exceeds the 
permissible value, which should be rejected and the 
saw blade must be check. 

The experimental results show that the system’s 
algorithm is effective and the testing results are 
accurate. This system makes the raw material of 
single billet from the original 412 kg to 397 kg by the 
application of the actual testing, improves the rolling 
yield of the raw material successfully and reduces the 
material loss, the energy loss and the tool 
wear effectively. The economic benefit and social 
benefit of this system are significant. 
 
 
6. Conclusion 
 

1) In this paper, the online detection system is 
constructed though the CAN bus, which is based on 
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the angular deviation of the multi-sensor wheel 
billet’s end face, and the design scheme of the 
system’s hardware and software and the detection 
method are also given. The interference to the 
detection result is eliminated, which is caused by the 
abrasion of the car’s v-shaped surface by using a 
standard billet to calibrate and the angle deviation  
of the wheel billet’s end face can be the detected  
on-line. 

2) It is determined whether the v-block needs to 
be grind or replace according to the testing result. If 
the angular deviation of the billet exceeds the 
permissible value, it will alarm with sound and light, 
automatically spray the unqualified mark. It also 
automatically record and show the number of the 
qualified billets, the number of the non-qualified 
billets and the angular deviation of each billet, which 
effectively reduces the waste of material, improves 
the yield, improves the product quality and reduces 
the cost of the labor inspection. 

3) The experimental results show that this method 
is a better and a non-contact method with high speed, 
high precision, high stability, the strong ability of the 
anti-interference and other characteristics, which 
measures the shape of the billet’s end face. This 
method has the value of popularization and 
application for the detection of the same kind of the 
part’s shape. 
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