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Context, Motivation and Objectives of Thesis

Monitoring the structural integrity of dams is a vital activity. Good monitoring of dams
prevents their failure, which can cause great loss of property and lives.

In the current period, in the field of hydro-technical civil engineering, the emphasis has
shifted from the construction of dams to their monitoring. This change of emphasis is because
the existing hydropower potential has been almost entirely developed, as well as to the fact that
the existing dams are starting to be over 50 years old, after which the need for monitoring
becomes greater.

In order to facilitate a better monitoring of dams, this thesis aims to improve the
methods of measuring relative displacement. Relative displacement is an important indicator
for dam monitoring, which shows how certain components of a dam move relative to other
components of the dam. Specifically, the relative displacement is measured using pendulum
installations, where the position of the pendulum wire is measured in a horizontal plane.

As concrete objectives, the thesis aims to bring improvements in the reduction the cost
of production of the measurement instrument for the wire position, as well as improvements
to the accuracy of wire position measurement. For wire measurement accuracy, the goal is to
obtain an accuracy better than 100um, for both measuring axes.



The Structure of the Thesis

The thesis is structured in three main parts: INTRODUCTION, CURRENT STAGE OF
KNOWLEDGE and PERSONAL CONTRIBUTION. The detailed structure of the thesis can be seen
in the chapter "Integral Contents of the Thesis".

INTRODUCTION

The INTRODUCTION part describes the issue of monitoring the structural integrity of
dams.

Dam monitoring is performed using a variety of devices, which measure the internal
parameters of dams, as well as environmental factors. An important measure for monitoring
the structural integrity of dams is relative displacement. It measures how some parts of the dam
move relative to other parts. Pendulum systems are used to measure relative displacement.

A pendulum installation consists of a weight of a few kilograms, suspended by a steel
wire with a diameter of about 1 mm and a length of several tens of meters. The weight is placed
in a liquid tank that has the role of damping the oscillations of the pendulum. Typically, the steel
wire is suspended from the top of the dam. Near the end where the weight is suspended, the
displacement of the wire in a horizontal plane is measured with respect to the dam structure.
This displacement indicates how much the upper part of the dam moves horizontally with
respect to the lower part.

STATE OF THE ART

This part reviews the current state of scientific knowledge in the field of measuring the
position of the pendulum wire to determine the relative displacement for dams (Chapter 1).

At the beginning, two types of errors (which can affect the measurement results)
commonly encountered in the practice of measurements are described. A major source of
errors is given by horizontal air currents flowing over the pendulum wire (Chapter 1.1). It is
shown how an air stream with a speed of only 5km /h, circulating over a wire with a diameter
of 1mm, over an exposed length of 2m (at the mobile end of the pendulum), from the total length
of the wire of 50m, at the end of which hangs a 20kg weight, will deviate by 1mm. This deviation
produced by realistic quantities is an order of magnitude larger than the measurement error
imposed by the accuracy set in the objective. Another major source of error described has its
effects after the commissioning of the pendulum system. This error is caused by the fact that
the steel wire used in the pendulum installation is usually stored in the warehouses coiled
(Chapter 1.2). When the wire is stretched to make the pendulum installation, it will not be
perfectly straight, but will acquire a helical shape, due to its storage in the form of a coil. It is
shown that a steel wire with a diameter of 1mm (with Young's modulus of 2 - 1011 Pa) kept in
the form of a coil with a radius of 15cm longer, will produce a spiral with a radius of 0.3mm, i.e.
errors 6 times greater than the measurement errors imposed by the accuracy set out in the
research objective.

This type of error gradually disappears over a period of several months, during which
the steel wire is stretched under the effect of the suspended weight. Although this error



disappears, its effect is important, because this error occurs in the period when the pendulum
system is put into operation, which is when reference measurements are usually made. To
combat this error, the pendulum wire can be subjected to a stretching procedure prior to its
use in the pendulum measuring system.

Measurements that are performed by a human operator have been used traditionally to
measure relative displacement (Chapter 1.3). One of the devices is the coordiscope (Chapter
1.3.1), to which a human operator adjusts a micrometric screw for each axis, so that the wire is
targeted with an optical instrument. Another type of instrument used is the coordimeter
(chapter 1.3.2). This instrument uses two rods that touches the wire and directly display the
position of the wire, without the operator adjusting anything. This device has the disadvantage
that the rods used act with a certain force on the wire and thus errors can be introduced in the
measurements, especially when the wire is very long, the suspended weight is lighter or if
several coordimeters are used on the same wire.

A more recent evolution with the development of electronics is the automatic
measurement (chapter 1.4) of the position of the wire and its remote transmission. By
automatically reading the wire position, data can be collected more often at a lower cost. This
allows the application of more performant data analysis.

For the automatic measurement of the position of the wire, several measurement
principles are used, each with their specific advantages and disadvantages.

The automatic measurement by contact with the pendulum wire (chapter 1.4.1) uses the
same principle as for the coordimeter, except that instead of reading the position of the rods
directly, different kind position sensors are used.

Automatic inductive sensor measurement (Chapter 1.4.2) uses a paramagnetic material
attached to the pendulum wire, which is placed into the magnetic field of two coils that
surrounds it. The position of the wire is obtained from the difference between the inductances
of the coils, which is determined by coupling the coils in turns, into an oscillating circuit and
measuring its frequency. A variant of this principle determines only the equilibrium position
between the two coils, when the same frequency is obtained. To measure the position, the coil
assembly is moved until the equilibrium position is obtained. This measuring principle applies
to each axis separately.

The automatic measurement by capacitive sensor (chapter 1.4.3) uses a metal cylinder
attached to the wire, which acts as a plate in two capacitors formed with another two plates
that surrounds the cylinder. The determination of the position is done by finding the difference
between the capacitances of the two capacitors thus formed. There are several ways by which
the capacitances of the two capacitors can be measured.

Automatic measurement by optical sensor (chapter 1.4.4) can be done by several
methods: “Measurement by laser distance reading”, “Measurement by opto-mechanical
system”, “Measurement by analysis of shadow produced by a single light source” and
“Measurement by analysis of shadows produced by multiple light sources”.

Laser distance measurement (Chapter 1.4.4.1) uses a cylinder attached to the pendulum
wire and two or three laser distance reading systems, which measure the distance to the
cylinder. After the corrections for the cylinder geometry, the position of the wire can be
determined.

The measurement by opto-mechanical system (chapter 1.4.4.2) essentially makes an
automation of the coordiscope, where an optical barrier replaces the targeting operation, and
a microcontroller does the adjustment operation of the micrometric screw automatically.
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The measurement by analyzing the shadow from a single light source (chapter 1.4.4.3)
is done by determining the wire shadow on a linear optical sensor. This method has to be
applied to each measuring axis.

The measurement by analyzing the shadow from multiple light sources (chapter 1.4.4.4)
is also done by determining the shadow of the wire on a linear sensor, but in this case several
light sources are used in turn, so that by analyzing the position of at least two shadows the
position of the wire can be determined. This measuring principle uses a single optical system
for both measuring axes.

PERSONAL CONTRIBUTIONS

This part describes the research carried out during the doctoral program, in order to
achieve the objectives of the thesis. Before describing the research, the objectives of the
research are set out (Chapter 2), as well as the general methodology of the research (Chapter
3). Next, is described in four chapters (4, 5, 6 and 7) the research carried out to achieve the
following goals: “Study of measurement errors”, “Compensation of measurement errors”,
“Simulation of measurement errors” and “Practical implementation followed by experimental
measurements”. Each research is structured in six subchapters: Introduction,
Objective/Working Hypothesis, Material and Method, Results, Discussions and optionally
Conclusions.

Objectives

This chapter (Chapter 2) sets out the objectives of the research, namely to improve the
performance of measuring devices for the relative displacement of dams. In particular, it is
targeted at an instrument production cost as low as possible with which to ensure a
measurement accuracy better than 100um, on both measuring axes.

General methodology

As a general methodology (chapter 3) the measurement principle chosen for the
measuring instrument is the measurement by analyzing the shadows from multiple light
sources. This choice was made primarily due to the fact that this principle uses a single optical
assembly to measure the position of the wire, on both measuring axes, thus resulting in a lower
production cost.

Some thesis specific terms are defined here, in order to facilitate a clear understanding
of the expression. Thus, the term "reading” defines the process of reading the position of the
shadow of the wire, projected by an LED on the linear optical sensor. The measurement
principle is briefly described in this chapter and can be seen in Figure 1.
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Figure 1: Measurement principle for the instrument

It can be seen in Figure 1 that the position of the wire is determined by the intersection
of two lines, each given by the position of an LED and the shadow projected by it on the optical
Sensor.

Study of measurement errors

In this research (Chapter 4) are investigated the measurement errors of a measuring
instrument, which implements the principle of analysis of shadows from multiple light sources,
where only errors inherent of the operating principle are considered as sources of errors. In
this way, the theoretical measurement limits of this type of instrument are investigated.

It is hypothesized that using an additional reading, with an LED chosen so that it will
project a shadow, as perpendicular as possible onto the optical sensor, will improve the
measurement accuracy for the X-axis.

The position of the wire is determined by writing similarity relations for the triangles
formed by the rays of light that project the shadows. The measurement errors were determined
by calculating the partial derivatives in relation to the quantities that affect the measurement.
To simplify the calculations, a dimensionless quantity, r, has been introduced, which is
determined by the distance between LEDs and the distance between shadows. Thus, the error
of r is determined by both the positioning errors of the LEDs and by the errors in reading the
position of the shadows. The position on the Y-axis depends directly on the r, so the error of the
position on the Y-axis depends essentially on the error of r. For the X-axis, some other quantities
were considered in the calculation of the errors were in addition to r. They are the position of



the LED and the shadow from the third reading, as well as the origin alignment error for
measuring the position on the X-axis for LEDs and shadows. This alignment error does not affect
the position for the Y-axis, because the expression of the position on the Y-axis only includes
the difference between the positions of the LEDs and between the positions of the shadows.

From the evaluation of the expression of the errors of r (which is a factor for both X-axis
and Y-axis errors), it is found that in order to minimize them, it is necessary that the distance
between the LEDs and between the shadows to be as great as possible. This gives the algorithm
for finding the two LEDs with which the first two readings are made, for a given position of the
wire: It starts with the LEDs at the margin and advances towards the center until a shadow is
obtained on the optical sensor for each LED.

For the X-axis, the errors are analyzed to see how they are influenced by the third
reading. It is found by evaluating the expression of errors, that using the third reading, the
influence of r's errors decreases greatly in the expression of X-axis position. This will confirm
the hypothesis according to which an additional reading reduces the errors on the X-axis.
Confirmation of this hypothesis generates a method to improve X-axis accuracy, which is
valuable in the context of this research, as it reduces X-axis position measurement errors
without additional costs to the production of the measuring instrument.

Having the expression of the position errors for both measuring axes, a numerical
evaluation of the errors for different wire positions in the measuring range is made, using the
LED finding algorithm that ensures the minimum error for the wire position. To find a value for
the LED positioning error, experimental measurements were performed on a usual LED strip.

The measurement errors for each wire position are expressed graphically according to
the wire position, using a color scale to mark the magnitude of the errors. The error analysis
shows that the dominant factor is the positioning error of the LEDs. In order to see the effects
of a more accurate positioning of the LEDs, the error of positioning for LEDs was reduced to the
level of the position errors of the shadows. After graphically expressing the errors in this case,
it can be seen a reduction of the position measurement errors both as a value and as a
distribution in the measuring range. This reduction confirms that indeed the positioning error
of the LEDs is the dominant factor in measuring the position.

The conclusion of the study on measurement errors is that even just the errors inherent
in the measurement principle (LED positioning errors and shadow position reading errors) are
large enough to ultimately cause wire position measurement errors that exceed the target
research(at least for certain areas of measurement domain). The largest measurement errors
are on the Y-axis.

Error compensation

In this research (Chapter 5), we look for techniques to minimize the positioning error of
LEDs, because these errors are dominant, as concluded in the study of measurement errors.

By calculating the positioning errors for the THT mounting technology, it was found that
with this LED mounting technology on the PCB, the positioning errors will be too large for the
need of LEDs precise positioning. These large errors are due to the diameter errors of the LED
leads, as well as the fact that the technology requires an extra space between the leads and the
edges of the holes.

For the SMT mounting technology there are too many unknown factors to be able to
calculate the positioning accuracy of the LEDs on the PCB. For this reason, data on the
positioning accuracy provided by the manufacturers of first assembly were sought. The



positioning accuracy of the components offered by several manufacturers is good enough for
the requirements of the instrument, so we tried to use several types of LED strips. Practical
measurements show that the positioning error for the LEDs in SMD technology is 12 times
higher than that offered by manufacturers. An explanation for this difference in error is due to
the fact that manufacturers do not specify for which type of components they offer this
accuracy. It is assumed that this high accuracy provided by manufacturers refers to integrated
circuits that are positioned with fiducial marks. Finally, it was concluded with the practical
measurements, that the SMT mounting technology does not ensure a sufficient positioning
accuracy of the LEDs in this case (precise positioning of the LEDs for the measuring
instrument).

Because the existing technologies for mounting the LEDs on the PCB do not ensure
sufficient positioning accuracy, another way was sought in order to increase the positioning
accuracy of the LEDs. Further research to increase the positioning accuracy of LEDs is based on
the fact that the installation for instrument testing is able to position a simulated wire inside
the measuring range with an accuracy of Sum. Using the wire position as a reference and the
position of the shadow/shadows projected by an LED, the position of the LEDs can be
determined with better accuracy than their positioning accuracy on a PCB. These
computationally determined LED positions, which provide superior accuracy, are to be stored
in non-volatile memory and used in wire positioning calculations.

To find the position of the LEDs by calculation, depending on the position of the
simulated wire and shadows, three methods have been developed that offer different
advantages, depending on the complexity of each.

The single-read calibration method (Chapter 5.3.1) is the simplest method and
determines for the LED only the position on the X-axis. The position of the shadow together
with the position of the simulated wire determines the line representing the light beam. By
intersecting this line with the line that represents the row of LEDs, the position of the LED on
the X-axis is obtained.

The two-reading calibration method (Chapter 5.3.2) uses the shadows from the
simulated wire, positioned in two different positions. The two different positions, together with
the corresponding shadows, determine two lines that represent the light beams. The point of
intersection of the two lines will determine the position of the LED, both on the X-axis and on
the Y-axis.

The four-reading calibration method (chapter 5.3.3) comes to solve a practical problem.
In practice, for one- and two-reading methods, the coordinate system of the measuring
instrument must be aligned with the coordinate system of the test installation, with sufficient
accuracy not to affect the positioning accuracy of the LEDs being calculated. The four-reading
calibration method uses the positioning of the simulated wire in four positions that form the
corners of a rectangle. This configuration allows the position of an LED to be calculated on both
the X- and Y-axes, without the need to add or subtract positions in different coordinate systems.
Therefore, this method allows the elimination a precise alignment between the origins of the
two coordinate systems.

During the development of these methods, the presence of another source of errors was
found in the measurement instrument. This source of errors has been identified as the
refraction of the light beam at the interface between the air and the LED case and at the
interface between air and the case of the optical sensor. To compensate for the refraction errors
(Chapter 5.3.4) it was calculated how large the deviation of the light beam from the ideal
position is, both for the position of the LEDs and for the position of the shadows. Having these



deviations computed it is possible to compensate the errors introduced by the refraction of the
light beam, by subtracting the deviation calculated from the position of the shadow and from
the position of the LED.

The computed refraction errors were expressed as errors in positioning the LEDs and
the shadows and they were plotted, depending on the angle of incidence. It can be seen from
the graph that for an angle of incidence of 40 degrees, the error for measuring the position of
the shadows reaches values of 250um. A conclusion from the study of errors in Chapter 4 was
that in order to obtain small measurement errors, the distances between LEDs and between
shadows must be as great as possible which implies large angles of incidence. Unfortunately,
these large angles of incidence will produce large refraction errors, hence the need to use error
compensation for refraction errors.

The global calibration method (Chapter 5.3.5) was developed to compensate for LED
positioning errors, refraction errors, and other types of errors, all with a single operation. The
central idea is to use the test installation to make readings with all the LEDs for reference points
positioned in a grid, which is spread throughout the measuring range. This collected data is to
be stored in a non-volatile memory so that it can be used to correct errors that occur in
measurements.

The simplest approach to this problem was to calculate the difference between the value
of the purely geometrically measured position and the reference position for each point in the
grid. For any other position, this difference can be interpolated to that position and the value of
this difference can be used to correct the calculated position. It was found that in the case of
this instrument, the grid interpolation method could be affected by the fact that different LEDs
are used for different points, so that in the function to be interpolated will be discontinuities
that affect the interpolation results.

In order to be able to correct measurement errors without the influence of switching
from one LED to another, a new algorithm for correcting measurement errors has been
developed that is using global calibration data. In essence, the algorithm tries to identify the
reference points that surrounds the measurement point and to use the positions of the
reference points shadows projected by the same LED. The algorithm uses a local interpolation
of readings, with the positions of the reference shadows produced from the same LED, so that
the problem of discontinuities introduced when switching from one LED to another is
eliminated. In the limit case where four reference points with valid measurements from the
same LED could not be identified, the algorithm uses for the position a value calculated based
on the readings of a single reference point and the current readings. Because the error
correction method based on global calibration addresses several types of errors, this error
correction method was chosen to be used in the implementation of the measuring instrument.

Error simulation

In this research (Chapter 6), were studied using simulation, the values and the
distribution of the measurement errors, produced by the most important error sources, as well
as the error correction performance of the global calibration correction method. The sources of
errors considered were the following: LED positioning, refraction produced at the LED case,
refraction produced at the optical sensor case and quantization errors for reading the optical
Sensor.

The simulation principle starts from a given position of the wire, considered the true
position. For this position the LEDs used are determined and then geometrically the
corresponding shadows. To the values determined for the LED positions and to the shadow
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positions the errors that can occur are added. The measured position of the wire is obtained by
intersecting the lines determined by the position of the LEDs with their corresponding
shadows, when these positions are affected by the added errors. The difference between the
determined position of the wire and the true position of the wire is considered to be the
measurement error produced by simulation.

Because the simulation is using a whole algorithm for simulating error correction, not
just a simple formula, a dedicated program was created for the simulation. To visualize the
results, a program was created that graphically presents the measurement errors using a
chromatic representation for the magnitude of the errors, depending on the position of the wire
in the measuring range.

Using a graphical representation system similar to the graphical representation of the
errors in Chapter 4, a visual comparison of the measurement errors obtained by the two
different methods (calculation using partial derivatives and numerical simulation) is possible.
This comparison is made for the case when only positioning errors of LEDs and quantization
errors when reading the optical sensor are considered. The visual comparison of the two error
calculation methods reveals a correlation between the error distributions, validating the
correctness of the research results.

The representation of the cumulative errors from all error sources, which can be seen in
Figure 2 and Figure 3, reveals that at least for the Y-axis the magnitude of the errors is too large
to be able to make measurements with an accuracy of 100um, without using an error correction
method. In the figures showing the magnitude of the errors in the measuring range, the value
of the errors is indicated chromatically. In dark blue are represented errors of 30pm or less and
in red those of 200um or greater. Errors with values between these two limits are represented
using a color with a proportionally corresponding wavelength.
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Figure 2: Distribution of errors from all sources combined, for X-axis
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Figure 3: Distribution of errors from all sources combined, for Y-axis

After applying the “global calibration error correction method” to the measurement
errors with all cumulative error sources, a significant error reduction was found. The error
reduction is so good that allows a measurement with an accuracy better than 100um, as
specified in the research objective. The graphical representation of the measurement errors
obtained after the error correction algorithm was applied can be observed in Figure 4 and
Figure 5.
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Figure 4: Distribution of errors after their correction, for X-axis
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Figure 5: Distribution of errors after their correction, for Y-axis

Practical implementation and measurements

In this research (Chapter 7), methods were found to implement an experimental model
for the measuring instrument. With the help of this experimental model, measurements were
performed, in order to evaluate the measurement accuracy of the experimental model. Figure
6 shows the practical implementation of the experimental model.
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Figure 6: Picture of the experimental model

Chapter 7.3.1 describes the components chosen for the implementation of the electronic
part of the measuring instrument, as well as the reasons that determined their choice. The
chosen microcontroller is of the type STM32F103C8, the chosen optical sensor is of the type
TSL1412S, and the LED strip contains LEDs of type WS2812B.

The microcontroller program (chapter 7.3.2) coordinates the activity of measuring the
position of the wire. For the control of the LEDs, the SPI interface was used together with a
lookup table containing precomputed data, in order to achieve a more efficient control. An ADC
converter with DMA for data transmission was used to read the optical sensor. A state machine
has been implemented in order to control all the phases required for reading the optical sensor.
The state machine generates the control signal for the ADC, thus accomplishing the sequence
required to read the optical sensor.

Data taken from the optical sensor is used to determine the position of the shadow on
the optical sensor. For this, a median filter is applied first to clean the noise of the optical signal.
Then, a dynamic threshold is computed for the determination of the dark area, by taking a
fraction from the result of another median filter, with a larger window. The dynamic threshold
is required for the cases where an LED located at the margin of the LED strip is used. In this
case, the brightness on the optical sensor is more pronounced on the LED side and decreases
on the other side. The position of the shadow was considered in the middle of the area where
the optical signal falls below the threshold of darkness.
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The Measurements chapter (chapter 7.3.3) describes the test installation used for
calibration, as well as the program that automatically performs the calibration of the
instrument. The test installation is built like a numerical control machine, which can position a
simulated wire with a precision of 5pm in the horizontal plane. This positioning is done by
controlling the stepper motors, using the micro-stepping control mode.

Following the calibration of the device, a “virtual” coordinate system (generated by the
calibration data) is obtained, so the instrument measurements are relative to this coordinate
system.

After the calibration of the experimental model, the calibration data were stored and
then used to correct measurement errors, using the global calibration correction method.

To evaluate the measurement performance of the experimental model, measurements
of the wire position were performed, for several random positions of the simulated wire. Using
statistical analysis on 175 measurements points, the following results were obtained:

e The standard deviation for absolute errors on the X-axis is 42um
e The standard deviation for absolute errors on the Y-axis is 77um

Following these results, the measurement accuracy of the experimental model can be
declared with a confidence of 68%, as being + 40pm on the X-axis and * 80pm on the Y-axis.

A graphical representation of the measurement errors obtained in the experimental
measurements with the experimental model is presented in Figure 7 and Figure 8.
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Figure 8: Measurement errors for Y-axis

General discussions

In this part of the thesis are presented considerations related to the results obtained and
how they can be improved.

Another aspect considered (Chapter 8.1) is the procedure for installing the
measurement instrument in the dam. In order to be able to guarantee the accuracy of the
measurements, certain alignments requirements must be observed when installing the
instrument in the dam. In order to be able to perform measurements in parallel with another
existing instrument, it is necessary to execute a calibration procedure when installation in the
dam is performed.

At the end of this part, future possible research directions are reviewed (chapter 8.2).

Final conclusions

This part presents the validation of research and the achievement of thesis objectives. It
is considered that the set accuracy target has been reached by the measurement errors
obtained (40um for the X-axis and 80um for the Y-axis), which are less than 100um. The
objective of reducing production costs is considered to be achieved by estimating a production
cost four times lower than the cost for existing instruments on the market.
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ORIGINAL CONTRIBUTIONS OF THE THESIS

The most important innovative elements developed in the thesis research are the
following:

e Computing the value of inherent errors that occurs in a measurement instrument,
which employs the principle of analyzing shadows from multiple light sources.

 Finding a way to improve the accuracy of the measuring instrument on the X-axis by
introducing an additional reading.

 Finding ways to increase the accuracy of the instrument by calibrating the position of
the LEDs.

 Finding a method to eliminate refraction errors that occur when light passes from the
LED case into the air and then from the air into the optical sensor case.

e Finding a method to perform a global calibration of the instrument, so that there are
no discontinuities due to switching from one LED to another.

 Simulation of several types of measurement errors that occur in an instrument which
employs the principle of analyzing shadows from multiple light sources

e Simulation of measurement errors reduction obtained by when using error
compensation with global calibration.

e Implementation of an experimental model of a measurement instrument that works
on the principle of analyzing shadows from multiple light sources. The experimental model
implements an error correction procedure, based on the global calibration method.

e Create a program that automatically guides the positioning of the wire and performs
the readings required for the calibration procedure.

 Performing measurements with the experimental model and determining the accuracy
of the experimental model using statistical analysis on the measurement results.
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