DE GRUYTER

Open Physics 2022; 20: 680-692

Research Article

Banggui Guan*, Yanfu Qin, and Minglei Guo

Angle error control model of laser profilometer

contact measurement

https://doi.org/10.1515/phys-2022-0062
received December 03, 2021; accepted June 20, 2022

Abstract: In controlling the angle error of laser profil-
ometer contact measurement, the control model used in
the past is subject to more external interference, which
affects the measurement of other parameters, resulting in
poor error control effect. Therefore, the angle error con-
trol model of laser profilometer contact measurement is
designed by determining the initial zero position of the
profilometer measuring sensor, compensating the non-
linear error, designing the interference signal processing
circuit, and avoiding the error measurement influenced
by external factors. From the main error sources such as
the perpendicularity, standard error, sensor error and
other errors of the coordinate axis of the profilometer,
the accuracy is distributed. According to the equal action
principle, the measurement uncertainty of the profil-
ometer is calculated, and the measurement is obtained.
According to the interference signal processing circuit
and measurement index, the serial communication con-
trol circuit is designed, and the angle error control model
of laser profilometer contact measurement is constructed.
The experimental results show that the designed laser
profilometer contact measurement angle error control
model has high precision and does not affect other para-
meters in the control process, which shows that the con-
trol model has good effect in practical application.
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1 Introduction

With the continuous development of modern industrial
technology, especially the continuous improvement of
surface processing technology, and the continuous emer-
gence of various types of complex parts, the demand for
high-precision, large-scale measurement of part surface
profile is more and more urgent. Especially in engi-
neering applications, precision parts are generally con-
tour surfaces with large curvature [1]. For example, in the
optical application engineering, the surface profile of
aspheric optical elements; in the aerospace industry,
the complex surface of parts, in the mechanical engi-
neering, the surface of rolling elements in the precision
guide rail, etc. Different from the general smooth surface,
the measurement of surface profile with large range and
high precision not only requires that the surface rough-
ness of the part should be measured accurately but also
the waviness and shape error of the part surface should
be measured. Because the traditional surface roughness
profilometer only has a few millimeters of measuring
range in the vertical direction, it is obviously difficult to
meet the measurement requirements when measuring
such a large curvature part. And when the measuring
range of the measuring system is larger in the vertical
direction, because this kind of measuring system adopts
the measuring structure of lever contact pin type, with
the increase in the lever angle, the angle of the lever
around the fulcrum will be increased, which will lead
to greater non-linear error, resulting in inaccurate mea-
surement results. Because the material of the tip of the
stylus is usually diamond, with the increase in the angle of
the lever, the corresponding measuring force will increase,
which will bring scratches to the surface of parts, espe-
cially the contour surface of parts with small rigidity. So, in
the development of contour measurement, there must be a
compromise between measurement accuracy, measure-
ment range, and measurement force. For the contact mea-
surement method, because of its principal error, it limits
the development in the field of high-precision, large pro-
file surface measurement. However, if the error model is

8 Open Access. © 2022 Banggui Guan et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0

International License.


https://doi.org/10.1515/phys-2022-0062
mailto:gbg7712@163.com

DE GRUYTER

analyzed mathematically and the error curve is obtained,
certain means and methods can be used to compensate the
error, so as to meet the needs of large range and high
precision measurement [2].

Profilometers can be classified into contact profil-
ometer and non-contact profilometer according to the
measurement methods. In the contact profilometer, the
Zeiss F25 developed by Veghel M belongs to the contact
linear measurement. Veghel not only defined the point-
to-point calibration error of the three-dimensional space
measuring machine but also evaluated the traceability of
the measuring data points in the actual measurement of
the measuring machine. The ultra-precision CMM devel-
oped by Ruijl has become the prototype of ISARA400, a
high-precision contour measuring machine developed by
IBS company. This measuring machine strictly follows
the Abbe principle in the structural design, so there is
no Abbe error. The stroke of ISARA400 is 400 mm x
400 mm x 100 mm, and the measurement uncertainty
of perpendicularity is 0.025”. IBS has developed similar
products with larger strokes. Because of its good repeat-
ability, large measurement range, stable and reliable
measurement results, low requirements on the surface
of the workpiece to be measured, and high measurement
accuracy, contact measurement method has been the
most basic and widely used surface profile measurement
method. Generally speaking, the principle of inductance,
laser interference, and grating interference is used to
detect the displacement of the contact profile measure-
ment sensor. Due to the influence of nonlinear error, the
measurement range of inductive sensor is limited, gener-
ally less than +300 mm. Laser interference and grating
interference sensors are based on the principle of laser
interference length measurement, with high measure-
ment accuracy and large measurement range, especially
the micro displacement sensor based on cylinder grating
interference, with the measurement range up to tens of
millimeters, which can fully meet the requirements of
surface profile measurement. However, when the laser
profilometer is used to measure the angle, the control
of angle error needs to be realized by the control model
of measuring angle error. In ref. 3], a small angle mea-
surement model of laser auto-collimation based on the
common path compensation method is proposed. The
measurement beam and the reference beam generated
by this method can travel along approximately the same
path, making the drift in the two beams almost equal.
Therefore, the angle drift of the measurement beam can
be fully compensated by the angle drift of the reference
beam. The principle of compensation is analyzed. The
experimental results show that the static measurement

Angle error control model of laser profilometer contact measurement

— 681

stability is better than 0.193 arc seconds and the compen-
sation rate is greater than 86.6% in 100 min after com-
pensation under 3 kinds of air parameter interference. In
addition, 50 s after compensation, the dynamic measure-
ment stability is 0.227 arc seconds, and the compensation
rate is 53.6%. It is proved that the method is effective for
laser autocollimation. In ref. [4], a calibration model for
angle measurement accuracy of flexible support scanning
device of space remote sensing camera is proposed. The
zero position of scanning mirror is monitored by photo-
electric autocollimator to solve the zero-position drift caused
by theodolite over time and environment. According to the
application requirements of high-speed rail, the necessity of
subsection error compensation method is analyzed. The
obtained angle error is introduced into the compensation
system, and the angle measuring circuit is calibrated by
the subsection error compensation method. By comparing
the test results with the calibration results of harmonic error
compensation method, it is verified that the angle measure-
ment accuracy of the system can meet the requirements of
the system performance index after segmented error com-
pensation. Finally, the validity of the segmented error com-
pensation method in the realization of high angle accuracy
of limited angle scanning system of space remote sensing
camera is determined. Ref. [5] studies the measurement error
of laser instrument. In view of the fact that the laser instru-
ment can carry out three-dimensional coordinate measure-
ment in any position, this study first analyzes the basic
meaning of the two terms “instrument angle” and “instru-
ment apex angle,” and distinguishes the traditional “hori-
zontal angle” and “vertical angle.” Based on the law of error
propagation and the nominal accuracy of measuring angle
and ranging, the point measuring error of laser instrument is
analyzed. Taking the laser instrument Leica AT930 as an
example, the disparity between “linear error of measuring
angle” and “ranging error” is analyzed, and the measure-
ment error control of laser instrument is realized. However,
this method has poor ability to resist external interference,
which leads to poor error control effect. Ref. [6] studies the
high precision laser instrument error compensation tech-
nology. This error control method studies the calibration
based on the turntable. By using the system-level calibra-
tion method, the calibration parameter error compensation
model is established and the convergence parameter of
Kalman filter is used to get more accurate calibration para-
meters. Finally, the system calibration of the laser instru-
ment is carried out, but the error control method has the
problem of large measurement error and poor compensa-
tion effect.

The above two models have obvious control effect on
the measurement angle error, but they are easy to be
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interfered with other parameters, resulting in large mea-
surement and positioning error, and the model accuracy
is difficult to be maintained at high level continuously, at
the same time, it also affects the angle accuracy before and
after the standard parts are reshaped [7-10]. In view of this
situation, this work studies the angle error control model
of laser profilometer contact measurement, and uses a
higher level control model to solve the above problems.

2 Design of angle error control
model for contact measurement
of laser profilometer

2.1 Determining the initial zero position of
the measuring sensor

The initial zero position of contact profilometry sensor
affects the measurement accuracy and sensitivity of laser
profilometer to a great extent, and the analysis of non-
linear error of measurement sensor is based on the pre-
mise that the sensor is in the initial zero position. If the
initial zero position cannot be determined, then it will
seriously affect the effect of non-linear error compensa-
tion. It directly affects the accuracy of measurement
results. So how to find the zero position of the sensor
quickly and effectively is very important. For this reason,
a two quadrant photocell is proposed to detect the zero
position of lever, and the method is shown in Figure 1.
According to the schematic diagram of detecting the
zero position of the two-quadrant photoelectric tube, a
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two-quadrant photo electric detector is installed at the
end of the lever. When the emitted laser is incident on
the spectroscope 2, the reflected light will be incident
on the two-quadrant photoelectric detector through the
mirror 2. When the light intensity on the two quadrants is
detected to be the same, that is to say, the output electric
signal will be zero after the difference, this position will
be marked as zero. However, due to the influence of the
surrounding environment, the laser spot will drift irregu-
larly, this is because the lase irradiation is not flat due
to the laser speckle imaging, indicating that there will be
no full reflection. Light from different directions corre-
sponding to different representations will interfere when
they meet in space. Because of the uneven representation,
there will be a phase difference of light everywhere and
thus interference, the light phase difference of different
interferences may change, which will lead to a certain
deviation of the zero position of the lever, so that the
measurement results are not accurate. Since the sensor
needs to be adjusted to the initial zero before each mea-
surement, the zero detection must be simple, efficient, and
easy to operate. Considering comprehensively, photoelec-
tric switch is selected for zero position detection. The
photoelectric switch transforms the change in light inten-
sity between the transmitter and the receiver into current
to achieve the purpose of object detection. Because the
output circuit and the input circuit of the photoelectric
switch are electrically isolated, they can be used in many
applications. Moreover, the new generation of photoelec-
tric switch has a series of advantages, such as delay,
broadening, external synchronization, anti-interference,
high reliability, and so on. Considering the structure of
the sensor, the Omron counter proximity switch EE-SX670
is selected in the model design. The opposite type proximity
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Figure 1: Schematic diagram of zero position detection structure of two-quadrant photoelectric cell.
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switch is composed of two parts: emitter and receiver. When
the beam is blocked by an object and interrupted, a change
in the switch signal will be generated. By detecting the
change in the switch signal, we can determine whether
the sensor reaches the initial zero position [11-13]. The
response frequency of OMRON EE-SX670 proximity switch
is 1kHz. Its characteristic curve is shown in the Figure 2.

It can be seen from the figure that when the photo-
electric switch is in the on state, the output signal of the
photoelectric switch is of low level; when the light beam
is blocked by an object, the photoelectric switch will send
out a high-level signal. By detecting the change in the
high- and low- level signals, we can detect whether the
sensor is at the initial zero position. Under the working
environment of 25°C, the repeated response error of
EE-SX670 is 2mm, which can fully meet the accuracy
requirements. Install the light baffle at the back end of
the lever. When the lever rotates around the center sup-
port, the baffle will move with it. When the baffle rises or
falls to a certain position, the photoelectric proximity
switch will be triggered to determine the initial zero posi-
tion of the profilometer measuring sensor.

2.2 Design of interference signal processing
circuit

The interference signal processing circuit mainly includes
direction identification, subdivision, and counting of the
interference signal. The interference signal is received by
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Figure 2: Omron repeatability curve.
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four-quadrant photodiode, which is photoelectrically con-
verted, and then after signal amplification, DC signal
isolation, and zero crossing comparison processing, two
orthogonal electrical signals are generated [14-17]. On
the one hand, the signal enters the programmable logic
controller (PLC) to subdivide the fringe signal and judge
the moving direction; on the other hand, the signal passes
through the A/D converter and gets the phase information
through sampling. Finally, the signal is processed by com-
puter to get the surface information of the measured work
piece (Figure 3).

In the laser profilometer, He—Ne laser is used as the
laser power, and its wavelength is y = 632.8 nm. According
to the Michelson interference principle, the measurement
distance is related to the half wavelength of the light
source. Since the measurement beam needs to pass
through the corner prism twice, the measurement resolu-
tion is 632.8/4 = 158.2nm. However, the current output
from the four-quadrant photodetector, after the first stage
operational amplifier, will pass through the subsequent
circuit. The reliability of the output signal in the first stage
amplifier directly affects the stability of the final output
signal of the laser profilometer, which leads to the
decrease in the measurement accuracy. In order to avoid
the influence of external factors on error measurement, it
is necessary to adopt a method of combining circuit sub-
division and computer subdivision, because circuit sub-
division and computer subdivision can effectively reduce
external interference according to the error source, so as to
reduce the error, and can interpolate the periodic signal,
so as to improve the resolution. The single chip microcom-
puter is used to count, identify direction, and subdivide
the four subdivisions of interference signal, which is rea-
lized by the PLC GAL16V8 [18,19]. Then, the signal is con-
verted by a 12bit A/D conversion chip AD1674, and the
sampling value is read by the computer. Since the A/D
conversion chip AD1674 is 12 bits, the signals can be the-
oretically subdivided within 1/4 fringe period 212, and the
theoretical resolution of the whole circuit is:

1
= = 0.01 nm. 1)

632.8><1><l><
4 4 2

Considering the influence of asynchronous AD sam-
pling and circuit interference, it is difficult to achieve
theoretical resolution in practical measurement. However,
in practical use, the resolution of the profilometer measure-
ment system in the vertical direction is required to be 5 nm,
so as long as 10 times subdivision is used, the accuracy
requirements can be met, and the stability of the final
output signal of the laser profilometer measurement sensor
can be improved.
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Figure 3: Schematic diagram of circuit structure.

2.3 Calculation of the measurement index of
profilometer

In order to meet the actual measurement index of laser
profilometer, the influence of other error factors on the sur-
face error of profilometer shall be considered comprehen-
sively in the actual error distribution and design. According
to the principle of equal action, the design value of profil-
ometer measurement accuracy is 0.5 mm. Assuming that
the error distribution is in positive proportion to the travel
axis, then the ratio of X:Y:Z is 8:8:1, and the calculation
formula of error £, obtained by Z axis distribution is:
(XZ

£ =X @

where a represents the measurement uncertainty of
the profilometer, and 0.5 represents the design value
of measuring precision of the profilometer. According to
the proportion &, = §, = 8, for X, starting from the main
error sources such as perpendicularity, standard error,
sensor error, and other errors of the coordinate axis of
the profilometer, the accuracy distribution & is carried
out according to the equal action principle, namely:

’ 3)
& = o

where i is the number of main error sources, and 6 indi-
cates the upper limit of the number of major error sources.
All errors are calculated by the above formula, and the
variation range of errors is obtained. As the uncertainty
assessment types are divided into class A and class B,
when estimating each error component, it is necessary to
select the appropriate assessment type to calculate the

uncertainty in combination with the characteristics of

the error itself [20-22]. So, the accuracy estimation process

of X axis is as follows:

1) Verticality. If the final perpendicularity of the guide
rail is controlled within 0.1” after compensation, an
uncertainty of about 0.19 mm will be generated within
400 mm stroke range.

2) Abbe error. Abbe error is caused by the non-colli-
nearity of the probe axis and the grating reference
line. The distance between the two and the pitch
and angle errors of the XY axis determine the Abbe
error. The pitch angle error of the guide rail is gener-
ally measured by laser interferometer or photoelectric
autocollimator, and the corrected uncertainty depends
on the measurement accuracy, repeatability error, and
the distance from the measurement point to the grating.
The measurement accuracy of laser interferometer in X
direction is about 0.1”, the measurement accuracy of
laser interferometer in Y direction is about 0.1”, and
the distance between X-axis probe and grating is about
200 mm (the maximum distance between the probe and
the other side of X-axis grating).

3) Straightness of guide rail. The uncertainty is deter-
mined by the straightness error and repeated mea-
surement error. Because the straightness of the guide
rail is about 0.1 M/250 mm and the repeated measure-
ment error is about 0.03 mm, the combined straight-
ness is about 0.1 M.

4) Standard error. This error is also composed of the
indication error and repeatability error of grating, in
which the indication error of grating is about 0.15m
and the repeatability error of grating is about 0.06 mm.
So, the size is about 0.16 mm.
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5) Sensor error. The sensor error depends on the accu-
racy index of the measurement sensor, and is also
determined by the repeatability and stability of the
measurement. Because the laser sensor is used in
the measuring head of the laser profilometer, the mea-
surement stability is 0.023 mm, and the measurement
repeatability error is 0.017 mm, so the error is about
0.2 mm.

6) Other random errors. These errors include tempera-
ture errors caused by ambient temperature, electrical
control errors, and some unknown errors. Because it is
difficult to control these errors by external conditions,
a large space can be reserved for this error distribu-
tion, and the error range is set to 0.2 m.

Based on the above, the precision design value of X

axis is:
I
Ep = 1| D625 (4)
i=1

Bring the above specific values into the formula to
get the precision design value of X-axis. When &, < &,
the distribution value of the above precision meets the
requirements of measurement precision design index;
when &, = &, and other distribution errors other than
perpendicularity remain unchanged, the maximum allow-
able perpendicularity calculated is 0.1”. Therefore, when
the verticality of laser profilometer is less than 0.17, it can
meet the accuracy index of profilometer measurement.
According to the interference signal processing circuit
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and measurement index, the serial communication control
circuit is designed, and the angle error control model of
laser profilometer contact measurement is constructed
to control the angle error of laser profilometer contact
measurement.

2.4 Control circuit

The control circuit is mainly responsible for controlling
AD converter and serial port, collecting data, and trans-
mitting it to the upper computer, and the contact mea-
surement controls the angular error. According to the
requirements of various functions of the measurement
system, adhering to the concept of making full use of
resources and making smart use of resources, the main
control unit selects the 8-bit, high-performance micropro-
cessor ATmegal6 developed by ATMEL company. AVR kernel
has rich instruction set and 32 general working registers. All
registers are directly connected to the arithmetic-logic unit,
so that one instruction can access two independent registers
in one clock cycle. This architecture greatly improves the
code efficiency and has a data throughput of up to ten
times higher than that of the general CISC microcontroller.
The overall architecture of the control module is shown in
Figure 4.

The AD chip used in the control circuit is a 16 bit, four
channel conversion Cs5523. Cs5523 is a high precision
A - ZA/D digital to analog converter with charge balance
technology. Chopper stability measurement amplifier has
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—
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Figure 4: Overall structure of control module.
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low input current with optional input range of 25, mV
55mV, 100 mV, 1V, 2.5V, and 5V. The amplifier has an
AD converter has a programmable gain amplifier and a
charge pump driving circuit which can provide negative
power for its on-chip amplifier, so that the amplifier can
measure the ground reference bipolar signal; at the same
time, it also has a fourth-order A — X-mode/modulator
and a digital filter. Its digital filter provides eight pro-
grammable output update rates, and its filter can achieve
complete accuracy for the selected output update rate in
a conversion cycle. The filter can suppress both 50 and
60 Hz online interference when operating at 30 Hz or
lower.

The connection between each unit in the control
module is mainly realized through SPI interface. SPI is
a synchronous serial communication mode introduced by
Motorola Company and a three-wire synchronous bus.
Because of its strong hardware function, the software
related to SPI is quite simple, so that the CPU has more
time to process other transactions.

The communication principle of SPI is very simple,
and it works in the master-slave mode. This mode usually
has one master device and one or more slave devices,
which requires at least four lines. In fact, three lines
can also be used (one-way transmission). It is also common
to all SPI based devices. They are SDI (data input), SDO
(data output), SCK (clock), and CS (chip selection). SDO
and SDI are the data output and input of the main equip-
ment, respectively, SCLK is the clock signal, which is gen-
erated by the main equipment, CS is the enabling signal of
the slave equipment, which is controlled by the main equip-
ment. CS is to control whether the chip is selected, that is to
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say, only when the chip selection signal is a predetermined
enable signal (high potential or low potential), the opera-
tion of the chip is effective. This allows multiple SPI devices
to be connected on the same bus. The serial communication
control circuit is shown in Figure 5.

SPI communication is completed through data exchange.
Here we need to know that SPI is a serial communication
protocol, that is to say, data is transmitted one by one.
This is the reason why SCK clock line exists. SCK provides
clock pulse, and SDI and SDO complete data transmission
based on this pulse. The data output is through the SDO
line. The data change when the clock rises or falls, and is
read at the next falling or rising edge. To complete one bit
data transmission, input uses the same principle. In this
way, the transmission of 8-bit data can be completed after
at least 8 times of clock signal changes (the upper edge
and the lower edge are once). It should be noted that the
SCK signal line is only controlled by the master device, and
the slave device cannot control the signal line. Similarly,
in an SPI-based device, there is at least one master device.
This kind of transmission mode is different from ordinary
serial communication. Ordinary serial communication
continuously transmits at least 8 bits of data at a time,
while SPI allows data transmission of 1 bit at a time,
or even allows pause. Because the SCK clock line is
controlled by the master control device, when there is no
clock jump, the slave device does not collect or transmit
data. That is to say, the main equipment can control the
communication by controlling the SCK clock line. SPI
is also a data exchange protocol; because the data input
and output lines of SPI are independent, it is allowed to
complete the data input and output at the same time.
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Figure 5: Serial communication control circuit.
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Different SPI devices have different implementation methods,
mainly due to different data change and acquisition times.
There are different definitions for upper or lower edge
acquisition of clock signal. Therefore, in practical applica-
tion, appropriate SPI devices are selected according to
actual needs.

The serial communication module configures the SPI
communication mode by configuring the SSM bit of the
SPI-CR1 register, and sets the DFF bit to define the data
frame format as 8 or 16 bits. In addition, it also uses the
16 baud rate register and the highest baud rate selection.
The data serial communication module consists of a start
bit, a parity bit, a stop bit, and eight data bits. The baud
rate used for communication is calculated as follows:

SCK

SPl= ——— |
(BRR +1) x 8

(5)
According to formula (5), we can get:

BRR - _SCK_
SPIx 8

1 (6)

where SCK represents the frequency of peripheral com-
munication clock, and the value of BRR register deter-
mines the baud rate. In this design, the BRR value is set
to 243 to realize communication at 19,200 baud rate.

Through the design of the serial communication con-
trol circuit, the control model of the angle error of the
laser profilometer contact measurement is constructed.
The expression is as follows:

@)
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In point-to-point communication, SPI interface does
not need addressing operation, and it is full duplex com-
munication. In the process of laser profilometer contact
measurement angle error control, it can better ensure the
real-time communication of each module, and control the
laser profilometer contact measurement angle error.

3 Experimental results and
analysis

3.1 Experimental platform and parameter
setting

In order to verify the performance of the angle error con-
trol model of laser profilometer contact measurement in
practical application, this work mainly studies the accu-
racy of the model, positioning error, and the angle accu-
racy of standard parts. In the study, the designed angle
error control model of laser profilometer contact mea-
surement is compared with the traditional small angle
measurement model of laser auto-collimation based on
common path compensation method and space remote
sensing camera deflection. In the experiment, the laser
profilometer is connected with the local computer inter-
face, and the network browser is used in the remote
man-machine interface, as shown in Figure 6.

The laser profilometer used in the experimental study
includes vision controller and displacement sensor heads

Figure 6: Connection diagram of laser profilometer.

Local HMI

L___v____—‘ .
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Figure 7: Experimental platform.

Table 1: Experimental parameter settings

Physical focal length 300 mm
Physical caliber 500 mm
Measuring distance Maximum 25 mm
Maximum reading field 3,000”
Maximum measurement range +1,000”
Resolving power 0.1”
Measurement accuracy +0.3”
Communication interface USB2.0

of different specifications. The vision controller has 8
optical isolated discrete inputs and 16 optical isolated
discrete outputs, which are directly connected with the
laser displacement sensor head. Additionally, Ethernet
power supply is provided, and wireless storage can be
realized through remote network equipment. The laser
profilometer provides a movable and platform indepen-
dent vision for the experiment, and can access the HMI
from any position of the network. The HTML user interface

Table 2: Experimental results of model accuracy
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enables the user to monitor the use of the instrument
from any computer, tablet, smart phone, or other mobile
devices. The error measurement and compensation experi-
ments are carried out on a X, F, three-axis vertical machining
center with a space position error compensation function
controller Siemens 840D. The experimental platform is
shown in Figure 7.

Through the experimental platform, the experimental
parameters are set as shown in Table 1.

3.2 Model accuracy

Accuracy refers to the degree of proximity between the
measurement result, calculation value or estimated value,
and the true value. Error refers to the difference between

Axis Y

/

/|

Axis X

Figure 8: Verticality measurement error.

Measuring Actual Measurement value of small angle Measurement value of calibration The measurement value of

position value measurement model of laser auto- model of angle measurement angle error control model of
(pm) collimation based on common path accuracy of flexible support laser profilometer contact

compensation (pm) scanning device of space remote measurement (pm)
sensing camera (pm)

1 1,000 997.643 999.105 999.998

2 2,000 1995.642 1998.254 1999.987

3 3,000 3002.647 3000.786 3000.012

4 4,000 4001.329 4001.678 4000.006

5 5,000 5003.231 5002.364 4999.976

6 6,000 5998.012 5997.071 6000.068

7 7,000 6995.214 6995.542 6999.924

8 8,000 8001.536 8002.247 8000.041

9 9,000 9002.347 9000.154 8999.992

10 10,000 9997.124 10000.789 9999.997
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the measurement result or calculation value and the the-
oretical true value. Generally, the accuracy of the instru-
ment can be expressed by the size of the error. In order to
test the accuracy of the angle error control model of laser
profilometer contact measurement designed in this work,
it is necessary to calibrate the model with a higher accu-
racy measuring instrument. At the same time, the laser
auto-collimation small angle measurement model based
on the common path compensation method and the angle
measurement accuracy calibration model of the flexible
support scanning device of the space remote sensing
camera are used for the accuracy comparison experiment.
The results are shown in Table 2.

Observe the data in the table and calculate the pre-
cision errors of different models in different measuring
positions. The calculation results show that the precision
error of the laser auto-collimation small angle measure-
ment model based on the common path compensation
method is 2.546, the precision error of the calibration
model of the angle measurement precision of the flexible
support scanning device of the space remote sensing
camera is 1.591, and the angle error control model of
the laser profilometer contact measurement is calculated.
Accuracy error of the model is 0.048. It can be seen from
the calculation results that only the accuracy error of the
angle error control model of the laser profilometer con-
tact measurement designed in this work increases or
decreases in the pm range, which meets the actual appli-
cation requirements of the model.

3.3 Positioning error

The most direct effect of the level of the error control model
of the laser profilometer on the contact measurement is the
effect on the step value Ad, as shown in Figure 8.

In order to verify the validity of this model, the laser
profilometer contact measurement angle error control
model, the laser auto-collimation small angle measure-
ment model based on the common path compensation
method, and the laser profilometer contact measurement
angle calibration model of the flexible support scanning
device of the space remote sensing camera are positioned,
and the positioning results are combined with the actual
laser profilometer contact measurement angle positioning
The results of error comparison are shown in Figure 9.

It can be seen from the results in the figure that the
angle positioning results of the laser profilometer contact
measurement of the angle error control model of the laser
profilometer contact measurement are basically the same
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Figure 9: Positioning results of different models. (a) Actual posi-
tioning results. (b) Positioning results of small angle measurement
model of laser auto-collimation based on common path compensa-
tion method. (c) Positioning results of calibration model of angle
measurement accuracy for flexible support scanning device of space
remote sensing camera. (d) The positioning results of the angle error
control model for the contact measurement of the laser profilometer.
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as the actual positioning results, while the contact mea-
surement angle of the laser profilometer based on the small
angle measurement model of the laser auto-collimation
based on the common path compensation method and
the angle accuracy calibration model of the flexible support
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Figure 10: Shape data change state of square brick forming surface.
(a) State of shape data changes during shape modification. (b)
Modified surface shape data change state.
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scanning device of the space remote sensing camera is
the same as the actual one The error of positioning
results is large. To sum up, the designed control model
has little influence on the positioning in the practical
application process, and can control the angle error of
the contact measurement of the laser profilometer within
a reasonable range.

3.4 Angle accuracy of standard parts

In the angle accuracy experiment of standard parts,
square bricks are selected as the object to be measured,
and the theoretical accuracy of angle measurement can
reach 0.5”. Using the existing processing and measuring
equipment in the laboratory, the surface shape of square
bricks and relevant angles are modified and improved
until the actual accuracy reaches the accuracy required
by the experiment. The initial shape accuracy of square
brick is 125.69 nm for plane A, 854.23nm for plane B,
712.36 pv for plane C and 147.71pv for plane D. From
the initial shape, the surface shape of the square brick
is not ideal, and the flatness error is large, among which
the flatness of B and C faces is the worst. Take the B-plane
as the experimental object, and modify it first. The data of
B-plane modification is as follows (Figure 10).

The change in peak value (PV) value during shaping
is shown in the Figure 11.

After the modification, the four corners of the square
brick before and after the modification are measured by
using the laser profilometer contact measurement angle
error control model, the laser auto-collimation small

1200

1000

wh | /N
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Figure 11: Analysis of the change in PV value.
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Table 3: Size of peripheral angles of standard parts before and after reshaping

0,

03

0,

0,

89°45'15.61” 90°25'19.53” 89°5123.65” 90°25'17.62”

90°5418.26"

Before reshaping
After reshaping

Small angle measurement model of laser auto-collimation based on

common path compensation

89°01'22.34"”

90°58’32.26"”

89°06'16.45”

90°58'13.64”

89°2'14.63”
89°34'37.22”

90°5953.42”

89°15'36.47”
89°35'26.34”

Before reshaping
After reshaping

Calibration model of angle measurement accuracy for flexible support

scanning device of space remote sensing camera

90°16'41.25"

90°23"11.24”
89°13'28.57”

89°1619.26”
89°59'56.61"

89°22'36.91”

89°11'25.67”
90°09'07.63"”

Before reshaping
After reshaping

Angle error control model of laser profilometer contact measurement

90°0332.24"

89°59'45.6"
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angle measurement model based on the common path
compensation method, and the angle measurement accu-
racy calibration model of the flexible support scanning
device of the space remote sensing camera. The measure-
ment results are as follows.

From the results in Table 3, it can be seen that there
are differences in the angles before and after the modifi-
cation of the square bricks measured by all models,
which indicates that the surface shape of the square
bricks has been effectively modified. Comparing and
observing the measurement data of different models,
there is a certain gap between the measurement results
of the laser auto-collimation small angle measurement
model based on the common path compensation method
and the calibration model of the angle measurement
accuracy of the flexible support scanning device of the
space remote sensing camera and the results of the shape
modification, especially the difference between the mea-
sured value after the shape modification and the actual
right angle; compared with the difference, the contact
measurement angle of the laser profiler is wrong. The
measured value in the difference control model is closer
to the actual data. Combined with the experimental results
of model accuracy and positioning error results, it can be
seen that the designed laser profilometer contact measure-
ment angle error control model will not affect the change
in other parameters in the actual work, and always main-
tain a high accuracy.

4 Conclusion

The measurement of contact angle of laser profilometer
is a very important part in the field of laser detection.
However, the traditional mechanical measurement method
in optics cannot meet the requirements of measurement
accuracy. With the development of electronic technology,
optical sensors have been widely used to measure various
physical quantities. In the process of laser profilometer
contact angle measurement, the position and angle of
beam incidence are very important physical quantities.
Especially in the experiments that need precise alignment,
the position and angle measurement of the incident beam
need high precision. At the same time, in the experiment
with high real-time requirements, the movement of the
instrument and the time of replacing the instrument will
have a serious impact on the experimental results, which
requires that the instrument can measure the position and
angle of the incident beam in real time. For this kind of
situation, this work studies the laser profiler contact
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measurement error control model, through the nonlinear
error compensation, designed the interference signal pro-
cessing circuit from the main error sources allocation
according to the principle of precision, calculated the
measurement uncertainty contour graph, and built the
laser profiler contact angle measurement error control
model. Through the experimental analysis, the accuracy
error of the laser profiler contact Angle measurement error
control model is only 0.048, and the orientation of contact
angle measurement results and the actual results, at the
same time in the practical work will not affect the change
in other parameters, always maintain high precision, so
the method to effectively control the laser profiler contact
angle measurement error. It has good application effect
and provides certain technical support for the research
and development of laser profilometer in the future.
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