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Summary

The article presents a calibration method for a measuring circuit with a laser
triangulation distance sensor. The authors describe factors influencing the
accuracy of measurement using a laser triangulation sensor. The computer
software supporting calibration procedure was developed, and the control-
measuring software of the penetrometer was modified. The method is the result
of the process of improvement of the penetrometer. The application of the
developed penetrometer calibration method helps to achieve assumed measuring
accuracy of £2 units of penetration.

Introduction

The penetrometer is used to analyse the consistency of petrochemicals, food
products, cosmetics, mortars, as well as plastic explosives. The analysis involves
measuring 5-second free-fall distance of a standardised mandrel with a cone (or
a pin, ball, hemisphere, cylinder and ballast) located directly above the sample
(Fig. 1a). The unit of penetration is displacement of 0.1 mm.
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The popularity of this method can be supported by the list of regulations
regarding penetration measurement: ISO: 2137, 6873; EN: 1426, 13179-2,
13880-2+3; ASTM: D5, D217, D937, D1321, D1403, D1831, D2884, D5329,
D7342; DIN: 10331, 51579, 51580; IP: 49, 50, 179, 310, 376; FTM 791-313;
JIS: K2207, K2220; NF T60-132; PN: C-04133, C-04161; industry standards:
AASHTO T 49, American Institute of Baking — Chicago; AOSC-Duralkonus
20°, AOSC-NormCc 16-60, BS 2499-3; DAB 10-V.5.8.1, Deuroback
(Hannover) testing proposal, European Pharmacopeia; MIL-G-10924, SMS 658,
Van der Baan Bitumen Index.

When designing the penetrometer, it was assumed that measuring range is
620 units of penetration, which translates to the measurement of mandrel
displacement of 63 mm. The mandrel is located in a mounting of a moving
measurement head. In the process of improving the penetrometer, a laser
distance sensor was installed (Fig. 1b). A set of right triangles is used as the
basis for calculating the position of analysed surface [1]. A laser diode emits a
measuring beam of light that, after being formed by an optical system, travels
towards the mandrel's surface. A dot then forms on that surface, measuring from
tens to hundreds of um. The dot's image is reproduced by the optical system as a
projection on the photodetector. Due to high sampling frequency, the device can
be used for analysing moving objects.
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Fig. 1. Laser penetrometer: a) measuring head — principle of penetration measurement,
b) principle of laser distance sensor's triangulation measurement
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A problem of calibrating the laser sensor's measurement track appeared
because of the modification of the measuring system. The aim was to ensure the
desired precision of £2 penetration units (0.2 mm).

As mentioned before, in the solution designed, the number of units of
penetration is determined by calculating the difference between the starting
position and the final position of the mandrel after a set amount of time, which is
5 seconds by default.

Utilising a laser technology enables contact-free measurement of the
mandrel's displacement with a sampling frequency making it possible to measure
the characteristic of displacement in the ongoing process of penetration.

1. Mechanical design of the penetrometer

The design of the penetrometer has been developed since 2000 and has
gone through subsequent mechatronic design improvement phases that have
included the following:

—  The cone's mounting system — two types of electromagnetic clamps;

— The cone's displacement measurement — optical fork sensors, rotary
measuring impulse transmitters, laser triangular sensors (analogue current
or voltage output, RS232/485);

—  The movement of the measuring head (or fork sensor) — stepper motors, DC
motors, both with adjustable speed, including microswitches — mechanical
and induction;

—  Penetrometer control — a specialised keyboard, an alphanumeric panel, a
touchpad, specialised buttons;

—  Software — data transfer to a computer (RS323, USB, RJ45), CCD camera
for inspecting the measuring cone; and,

—  Measurement-control system — 51' family microchip, PLC controller (two
generations of controller's family).

The first two penetrometers built for ITeE — PIB were equipped with
microchip controllers, a specialised touch keypad, fork sensors, DC motors with
a disc indicating displacement mounted on a calibrated metric screw [2, 3]. The
subsequent versions of the penetrometer (Fig. 2) were equipped with a laser
distance sensor that made it possible to measure the displacement of the mandrel
with a cone contact-free [4, 5].

The interest in the product and unusual requirements of the customers [6]
led to the search of solutions in the penetrometer's design to make it easy to
customise and inexpensive to manufacture.

The current design of the penetrometer (Fig. 3) is characterised by
a minimal number of mechanical elements and utilises the following:

—  For measuring the mandrel's displacement — triangular sensor with current
output 4-20 mA;

—  An electromagnetic clamp for the mandrel's cone, allowing its free-fall;
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— ~1W DC motor for positioning the measuring head — two speeds of
movement: slow or precise approach of the cone to the sample and fast for
lifting the head; and,

— PLC controller with a webserver and touch panel for the operator —
predefined communication protocols, ease of programming to suit particular
needs, multiple language options, independence from new versions of the
controller with no additional buttons.

Measuring Alphanumerical Triangular laser distance
head operator’s panel converter

a) b)
Mandrel Electromagnetic clamp of the Laser dot on the mandrel's
and cone mandrel and the cone surface

Fig. 2. Laser penetrometer with an alphanumeric operator's panel: a) laser penetrometer general
view, b) measuring head's element with case removed

Fig. 3. Current penetrometer's design [5] a) PL-12DC version with a touch keypad b) PL-12DC
version with a water bath ¢) new design in prototype phase
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The penetrometer can work in all ranges of voltage and power grid
frequency values. There is an option to manufacture an automobile version
supplied from the 12VDC socket. The penetrometer has a certificate of
electromagnetic compatibility. The touch keypad with graphic symbols (icons)
allows intuitive operation of the penetrometer.

2. Mandrel with a cone displacement track measurement

The laser triangulation sensor is the most expensive element of the
penetrometer. The cost limit of the laser sensor is an important factor that
dictates finding a balance of price and cost of the calibrating procedure of the
displacement track measurement.

In the course of development, a problem emerged regarding calibration of
the track measurement of the laser sensor. Measurement precision is affected by
the following:

—  The design of the laser distance sensor (Fig. 1b) — the measurement error
and sensor's resolution depend on the distance measured and the sensor's
measurement scale. The nature of laser triangulation sensor measurement
causes an initial "dead zone" which enlarges the size of the measuring head.
The typical measurement ranges within our 620-unit penetration range are
70 mm, 75 mm, and 100 mm. The triangulation method also creates the
dependency which says that the larger the range of measurement, the bigger
the resolution of the sensor. This is because PSD matrix or CCD ruler of the
same resolution are used as the processing element. This absolute error is
denoted as Ajas.

—  The mounting of the sensor in the measuring head — tilting the laser sensor's
axis influences the measurement's precision [7]. This absolute error is
denoted as Ayon.

—  The workmanship of the mandrel's front, where the cone is installed, as well
as possible contamination of the front during operation. The mandrel's
front's surface is not one with a standardised colour (usually white), for
which characteristics of the laser sensor are determined [8, 9]. This absolute
error is denoted as Argy.

—  The measuring track of the PLC controller — AC/DC converter's parameters,
bitrate, conversion speed. The penetrometer uses 16-bit analogue converter
module. This absolute error is denoted as Apic.

—  The precision of measurement — mounting the mandrel in the measuring
head in a secure position, preparing the sample and putting it in
a standardised vat, precision of locating the cone above the sample. This
absolute error is denoted as Apoy.

The absolute error of the laser penetrometer measurement is denoted as

APEN = ALAS + AMON + ATRZ + APLC + APOM [penetration units]
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Thus, it has been assumed that there is a need to calibrate the entire
measuring track.

Each error source was eliminated or the effect it had on the process was
limited. The mandrel's manufacturing process was examined to determine that
the surface texture after machining and its roughness and coating material match
the parameters of a standard colour surface or create no inconsistency during
random mandrel's positioning in the measuring head. As a result, proper
manufacturing technology for the mandrel's front was determined.

The analysis of the laser distance sensors' characteristics was conducted using
Mistral 100705 device. A triangulation laser distance sensor was installed on the
measuring table and the sensor's current was measured. Furthermore, a proper-
coloured flat reference object was carefully installed. The distance was calculated
from the sensor's current, assuming 4-20 mA mapping <> 65-135 mm (Fig. 4).
The reference object was moved closer to and further from the sensor. It was
concluded that the sensor has a large measurement error near the extremities —
almost 5.5 penetration units. For all laser sensors, these graphs are similar. In the
sensors' documentation, the precision field is listed below the parabolic
characteristic presented in the technical documentation [10—14].

Laser distance sensors in use are offered as a solution for measuring
distances, but their main use is to detect missing elements, exceeding element
dimensions, checking microchips' legs, etc. in automation systems. There are
solutions allowing precise laser distance measurement, but their price exceeds
the value of the penetrometer by several times.
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Fig. 4. Characteristics of one of the tested laser sensors with highlighted points: A — the starting
point of the range B — the middle point of the range C — the end of the measuring range
(Fig. 1b)
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In the designed solution, a less expensive head with a lower measuring
precision was implemented. This precision was later improved using an
additional calibration procedure.

3. Calibration procedure

By design, the front of the mandrel is located near point A (Fig. 1b) which
is the least desirable position. The measuring of the displacement of the mandrel
with a cone is calculated as the difference between point A and points in the
range A-B-C. In the worst-case scenario, the measurement errors can
accumulate.

The measurement-control system of the penetrometer is based on a PLC
controller for which the read-write protocol of the controller's registries are
openly available. Due to this, it was possible to automate the calibration
procedure of the laser sensor's track using proper software (Fig. 5) The software
enables saving the results of the measurements in various formats, including
Excel.

It was assumed that the calibration of the laser penetrometer's track is
performed using template tiles for 1-5 mm displacements with a 1 mm step and
for 10-65 mm displacements with a 5 mm step (1 mm is 10 penetration units).
The calibration of the measuring track is made for 17 points. There is
a minimum of 10 measurements in each point. The thickness values of the
template tiles make an X set saved in the registry table of the PLC controller.

The first phase of the calibration is entering the 4-20 mA initial mapping
<> laser sensors' measurement range. It is done automatically by software and
consists of setting one bit in the PLC controller.

Port BS |COM1 = | B
Operacie Nominat [mm{ $rednia [mm][Fozrzut il w2 |><3 |><4 ‘xs ‘xs ‘x? ‘xa ‘xa |><1D
1 1.05 0.03 1.06 107 1.08 1.0% 1.02 1.02 1.04 033 104
Nowe wzorcowanie| | 2 200 01z 193 196 198 204 1.94 206 200 200 204 205
3 293 01z 306 303 296 293 293 3am 299 297 294 293
4 4.m 013 395 397 398 396 408 395 4.05 4.08 4.06 4.08
Fomicr 5 5.05 022 515 5.01 4.5 495 505 511 517 5.02 5.02 510
10 10.02 010 10.04 10.06 999 9,98 10.06 999 1004 10.05 996 1001
15 1511 003 1510 1510 1532 15.06 1512 1513 1512 1514 1513 1510
Wykresy
20 2001 003 2002 19.97 20,02 2002 20,05 20002 20001 2003 1998 19.98
E3 2493 0.08 2493 2489 24.90 24.94 24.81 2497 2497 2495 2489 2481
20 2392 010 2991 23.89 23.98 23.93 2391 23.90 2395 2394 2388 2981
35 3492 025 3497 3493 34.80 34.90 34.88 34.80 3488 3505 3503 34.98
40 40.06 016 4016 40.09 40.07 4011 40,03 40,00 4006 4001 40.05 40.00
45 4510 017 45.05 45.04 45.09 4512 4516 4516 4510 4518 4502 4523
50 50.05 o1l 5010 50.03 5013 50.04 50.05 50.05 50,07 50.03 50.02 50.03
55 5510 024 55.03 55.02 5517 55.19 55.18 54.95 55,11 5516 55.05 55.03
mm,:‘;m 60 5992 032 53.99 53.93 60.03 59.93 59.98 59.99 59,94 59.71 59.82 53.85
BS 6496 027 64.91 6496 64.92 £4.84 £4.89 64493 B511 64,95 B5.03 65.03
’ e ‘
< >

Fig. 5. Table with displacement measurements conducted
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An average distance value for each template tile is calculated for each
measurement series (Fig. 5). The quality of the measuring track is visible on the
chart (Fig. 6.) Significant scattering of measurements is noticeable.
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Fig. 6. Chart of conducted measurement of the laser track before calibration

The values of template tiles' thickness (X set) and average values of the
measured mandrel's displacements (Y set) are the basis for implementing
measurement correction using distance-linear approximation. Proper
programming tools are provided by the firmware of the PLC controller [15].
Two tools are available:

1) XYFS macroinstruction to define the segment-linear approximation's
characteristic for the maximum of 32 points. The primary mapping before
calibration, as previously mentioned, is substituting Y = X. After
calibration, the average values of the mandrel's measured displacement are
saved in the Y set.

2) MYTX macroinstruction, based on this approximation, enables one to
obtain the conversion of the measured Y — X automatically.

After sending the template software to the PLC controller of the X and Y
sets, a calibrated track of the laser sensor is generated.

The same software facilitates the procedure of checking the measuring track
with the laser distance sensor after calibration (Fig. 7). A clear improvement of
the precision of the displacement measurement is visible. All measurements
have the measuring error below 2 units of penetration.
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Charakterystyka odchylek, penetrometr nr 12003
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Fig. 7. Chart of the control measurement of the laser track after calibration

Each penetrometer has its serial number imprinted in its registry to facilitate
saving calibration files with the manufacturing number of the penetrometer and
the date. On start-up, the software automatically imports saved calibration files.

Summary

Utilising a modern PLC controller as the measurement-control system
enabled us to automate the calibration procedure. Employing a typical
triangulation distance sensor greatly reduces the costs of the penetrometer while
maintaining the desired penetration measurement precision. In the penetrometer
calibration method presented, 17 points of calibration were used. In order to
further improve the precision of measurement track mapping, additional 15
points can be included. It has been concluded that the default number of
calibration points is sufficient and leads to an optimum between precision and
the time of calibration (340 measurements of penetration). The method
developed facilitates testing new laser sensors on the market. It is expected that,
during the testing of a new type of laser sensor, a full 32 calibration points will
be utilised. Then, the number will be limited to less than twenty.
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Metoda kalibracji penetrometru laserowego

Slowa kluczowe

Badanie prototypu, kalibracja, laserowy triangulacyjny czujnik pomiarowy.

Streszczenie

W artykule przedstawiono metode kalibracji toru pomiarowego z laserowym
triangulacyjnym czujnikiem odleglto$ci. Omoéwiono czynniki wplywajace na do-
ktadno$¢ pomiaru za pomocg triangulacyjnego czujnika laserowego. Opracowano
oprogramowanie komputerowe wspomagajace procedure kalibracji oraz zmodyfi-
kowano oprogramowanie pomiarowo-sterujgce penetrometru. Metoda jest wyni-
kiem procesu doskonalenia penetrometru. W wyniku aplikacji opracowanej meto-
dy kalibracji penetrometru uzyskano zaktadang doktadnos¢ pomiaru £2 jednostki
penetracji.
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