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Abstract

Reliability and security of a power transmission depends on
the state of the power grid and mainly on the state of the Extra-
High Voltage pylons. The paper deals with deformation analy-
sis of existing steel structure of selected Extra-High Voltage
pylons which showed excessive differences comparing to the
original design. In the assessment of the situation, geodetic
survey of selected pylons of power grid that showed the great-
est deformation was performed. On taken images, deforma-
tion of steel structures by using the FOTOMNG system was
also analyzed. The proposed method allows a modeling of
the structure of the object based on precisely obtained photo-
graphic documentation of the current state. It also represents
a very effective method which allows to quickly and efficiently
analyze the deformation in the structure of Extra-High Voltage
pylons in the critical position of the power grid. Other benefits
include the possibility of repeatable and safe measurement.
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1 Introduction
In the context of scientific research and expert activities at

the Faculty of Civil Engineering, VSB-TU Ostrava was per-

formed static analysis of deformed steel structure of selected

Extra-High Voltage pylons which clearly showed excessive

differences to the original design in the horizontal direction.

With static assessment of the situation was performed correct-

ness analysis of design. Emphasis was placed on:

 assessment of the interaction of the base structure and sub-
soil [1, 2, 16] and checking the correctness of the base struc-
ture design, focusing on the depth of the base structure,
observance of technological progress in the construction,
design of shape base structure, design of support and design

of concrete classes [3],

» checking the correct determination of extreme loads [13]
- horizontal strokes in conductors, horizontal strokes in
conductors, which are supported by assessed pylons with
regard to the prescribed height of conductors above ground
and prescribed values of deflections at certain temperatures,

* background checks of support system [4, 5] using math-
ematical modelling [6, 7] and checking the correctness of
design of steel structures pylons, with a focus on the analy-
sis of extreme load effects caused by its own weight of con-
ductors and strokes in conductors,

+ verifying the correctness of the construction process, used
technologies and materials with respect to local conditions,
climatic influences and deviations that cannot be over-
looked during realization [14, 15, 17, 18, 19, 20, 21].

Steel pylons are designed for dual lines 2 x 110 kV. The
steel structure is made of steel S355J2. The pylons are made
of three parts, which are installed together one by one and
firmly fixed together with steel pins.

Pylon structure is situated on the pylon base of concrete
class C30/37. Base plate thickness of 400 mm is reinforced by
KARI nets 8/150-8/150 mm and pylon base is reinforced by
rods of diameter 16 mm.

In the analysis of excessive horizontal deformation of steel
pylons were first performed geodetic surveying of actual
deformations.
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The geodetic measurement of semi-height and altitude of
the column’s verticality and the flatness of the concrete foot-
ing were carried out in selected, perpendicular, directions to
the reflecting labels placed on the centre of the columns. Geo-
detic measurements were performed by the total station TOP-
CON 0S-103, Art.No.CT0703 with three times the distance
measurement. The total station was set to the most accurate
distance measurement mode. The difference in length meas-
urement did not exceed 1 mm.

The measurements were made in the local position and
height system for each column separately. Simultaneously with
the measurement of the column verticality, the height of the
concrete footings was measured repeatedly from two positions.

The resulting deviations of the columns centre from the
vertical axis were determined from two independent meas-
ured values - from the angular and longitudinal values in the
given direction and the longitudinal values in the perpendicu-
lar direction. The difference of the independent measurements
with applied calculations did not exceed a deviation of 3 mm.
The resulting values were processed into a separate protocol
for each column separately, indicating vertical positional devi-
ations, height-targeted locations (measurement targets) and
elevation differences of the top of the concrete footing.

Measurement was focused particularly on the pylons situated
in the corners of power grid, which showed the greatest defor-
mations. Planimetric and altimetric focus of pylon verticality
and flatness of the concrete base were carried out in selected,
perpendicular directions, by using of reflective labels. First one
was placed in height of the base structure, other two on the con-
tacts of pylon parts and last one on the top of each measuring
mast always in its axis. Simultaneously with the measurement of
verticality of pylons was also repeatedly targeted the elevation
of the concrete base from two positions. The actual measured
values of deformation of pylons were an important basis for the
assessment of serviceability limit state of analysed pylons.

Alternatively, based on the given images of the support
system of steel pylons, was performed evaluation of geome-
try of deformed steel pylons by FOTOMN® computing system
[8-10, 12].

2 Evaluation of the pylon from a single image

Before performing of the actual evaluation of the Extra-
High voltage pylons from a single image, we must follow a
few rules and actions, such as the transformation of the image
and image rotation, more in sections 2.1, 2.2 and 2.3.

2.1 Image transformation of Extra-High Voltage
pylons
To evaluate the status of the pylon from a single image we
must follow these rules:
e The axis of the camera must aim towards the centre of
observed pylon.

* Rotating the image to remove the effects of tilt caused by
diversion of base structure, see section 2.2.

* The axis of the camera must be perpendicular to the plane
of the pylon in the direction of tilt, see section 2.3.

2.2 Image rotation by definition of own two points

The whole process of calculation is dependent on the defi-
nition of two control points on the image. After selecting
this function, listener is added to the image component that
responds to mouse clicks. We distinguish whether it is a first
clicks (i.e. the definition of the first control point) or the second
click (i.e. definition of the second control point). The coordi-
nates of the two points 4[x,, y ] and B[x,, y,], are saved.

Now is executed the calculation algorithm. At the beginning
both vectors are calculated (1). Thus, the vector v =(v,,v,)
, which is represented by two control points (4, B) and the
vector u = (u,,u,), which represents the perpendicular vector.
Each of the coordinates in v, # are calculated as the differ-
ence of x-coordinates and difference of y-coordinates of both
control points. From vectors v and u is subsequently calcu-
lated angle of two vectors in radians (2). Value in radians is
additionally converted into angular units (3). Apply this angle
to rotate the image would not be ideal, because it was neces-
sary to additionally determine the direction of the rotation — if
the angle is negative or positive. Direction of rotation is deter-
mined from the coordinates [x,, y ] and [x,, y,] of control points
by comparing x-coordinates and y-coordinates of both points.

VI =Xy =X,
Vo=V =W 0

Up =Xy =Xy,

Uy =y,

uy, +u,v,
a= 2
N e @

1

o= cos a-180 3)

T

Now there is a possibility to apply the rotation angle on the
image. To rotation of each pixel are used Eq. (4) expressed
from a transformation matrix for rotation [9, 10]. These equa-
tions were modified for calculating with the image centre point
SIS, S around which will rotate individual pixels. We get
from the original pixel coordinates x, y new pixel coordinates
n,n, rotated by an angle a. Image rotation in FOTOMNC sys-
tem is realized as a separate module.

n =(x-S5,)-cosa —(y—S}_)-sina+Sx,

“4)
n,=(x-S,) -sina +(y—Sy)-cosa +S,
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2.3 Tilt of image by using perspective transformation

This new functionality in FOTOMNC® system provides tilt-
ing of image in the Z axis against to an observer in the interval
<-90°, 90°>. Reason of this implementation was to eliminate
distortion caused by capturing of individual images, e.g. in the
case of photographing the Extra-High Voltage pylons. In the
best scenario, the axis of scanning device (camera) should be
perpendicular to the observed object. However, if we scanned
high objects we have to place a camera at large distance from
the observed object - decreasing the accuracy of the measure-
ment of the image. Therefore we commonly used closer dis-
tances for scanning object, but with a tilt of scanning device.
However this leads to distortion because top of the Extra-High
Voltage pylon will appear smaller due to the large height and
distance from the viewer than the lower part of the pylons,
which is closer to the observer. Here we can observe the per-
spective distortion. It may be removed by using perspective
transformation - allowing us to tilt the image so that it is per-
pendicular to the axis of scanning device. The upper part of the
final image will be expanded and the lower part will be nar-
rowed (assuming that the image is tilted toward the observer).

X My, My My | | X My X My, Yy My,
Vo= |m my My || Y= mgX my Y | (5)
w My, My My, 1 My X My Yy My,

where m, are the matrix variables realizing the transforma-
tion; x, y are source coordinates and x’, y” are homogeneous
coordinates of the target destination.

Y= My X + My, y + 1y,
- b
My X +my, Y + 1y, )

X my,y+m,

9
My X + 1My, Y + 1y,

where m,; are the matrix variables realizing the transforma-
tion; x, y are source coordinates and x’, y” are inhomogeneous
coordinates of the target destination. When using this func-
tion, the user has ability to set an interval <-90°, 90°> by
slider component. Both limit values, gets image into a hori-
zontal position to an observer, so it cannot be seen. The actual
understanding and implementation of perspective transfor-
mation requires additional study, but the FOTOMN® system
uses JAI (Java Advanced Imaging) library, that implements a
classes for perspective transformation. Perspective transfor-
mation is represented by using a 3 X 3 matrix (5), which will
transform the homogeneous sources coordinates (x, y, 1) into
a target destination with coordinates (x’, ', w). If desired, the
recovery of inhomogeneous coordinates, we must divide x’
and y” by w (6). The only problem was the application of the
tilt angle into this method, which was resolved by deploying
scale. This scale allows the correct tilt angle in the interval
<-90°, 90°> based on the image size and direct proportion.

At Figure 2 we can see the tilt angle that is applied to the
image. Tilt of image in FOTOMNC system is realized as a sep-
arate module. Figure 1 shows the image after tilting.

i

Fig. 1 Tilt of image by using perspective transformation (pylon 13).

Tilting the image is also expanded with own tilt angle cal-
culation. For this algorithm are important two parameters. The
first is the size of the object that is measured / and the second
is the camera distance from the object base. Based on these
values, we can use trigonometric functions (7) to calculate
the angle a, which forms the axis of view (towards the centre
of the observed object) and the line connecting point of the
observer and the base point of the observed object.

The whole situation is shown in Figure 2, where the param-
eters we use are: Object height is 28 meters and distance
between the object and the camera is 60 meters.

S ——

hy,

Fig. 2 Drawing evaluate the tilt angle.
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Where £ is the size of the observed object, [ is the distance
between camera and the object base and « is the tilt angle of
the image, which we can compute as:

h
2 (7
!

tana =

3 Evaluation of the pylon status by using of image
series
3.1 The principle of the radon transform

Radon transform means the integral transformation of con-
tinuous [11], in this case the image function f{x,y). The main
idea of radon transform is based on the fact that the observed
object can be fully reconstructed from a set of projections of
the same scene, which contains this object. By the term of pro-
jection is meant a set of infinitely narrow focused ray projec-
tions acquired at one angle shooting. Attenuation of a single
ray R_obtained under angle 6, can be expressed as:

Py, = [/ (x.y)dr. (8)
R,

The variable 7 is defined as the path of the light ray. For any
ray and angle of shooting a scene we can express the radon
transform as: o

p(r.0)= j Jf(x,y)5(xc0s9+ysin9—t)dxdy )
where ¢ indicates the Dirac delta function.

The newly formed space p C R? representing the set of
projections is called a sinogram. It is clear that the Eq. (9) is
periodic to angles 6 with period 27.

However, since the range of calculations is situated in the
visible spectrum of electromagnetic radiation, it is necessary
to introduce several assumptions and simplifications. First, the
character of the images provides simplification based on the
assumption that rays are moving by the shortest path to the
detector (camera), and thus prevents the occurrence of refrac-
tion. Next, since everything, except the observed object, can
be considered as fully transparent and conversely the observed
pylon as a source of hundred-percent attenuation we can intro-
duce the assumption that p, € {0; 255}. It means that also the
final sinogram will have only two values of brightness.

3.1.1 Filtered back projection

This is a reconstruction algorithm that from the known
sinogram searches for the original image with the object by
using the inverse radon transform.

f(xy)= fgg (xcosO + ycosH)do, (10
where O
8o :fil(HP'}—(pe )): (11)

where F and F ! indicates the Fourier transformation oper-
ator respectively inverse transformation. HP is one-dimen-
sional and high-pass “ramp” filter in the frequency domain.

The aim of this filter is to minimize the star artefact that is
caused by an insufficient number of projections and thus this
filter is increasing the SNR (Signal to Noise Ratio). The advan-
tage of this reconstruction method is especially low computa-
tional complexity. However, it is necessary to have a sufficient
number of projections.

The newly designed module for the FOTOMNC system allow
to making cuts on selected images and then perform for each cut
inverse radon transform (back projection). Cuts can be edited by
user, determine their location or quantity. After performing an
inverse radon transform module creates an image of the recon-
structed object on the current cut along with the star artefact and
an image of the reconstructed object without the star artefact.

To be able to identify an object of interest on each image
(Extra-High Voltage pylon) and perform cuts, it is necessary to
do some preparations in the form of several steps. The first step
is to define the area of the image where the object is located.
Demarcation of the area is intended for all the images of the
observed object. Realized module allows the user to specify
an area where will be the object detected. The selection is then
applied to all images. Here we can encounter with the problem
of unwanted objects in the images that are not the object of
interest and their reconstruction is not required. In the specific
case of images of Extra-High Voltage pylon some individual
images contain distant objects, such as trees in the background
or other objects of surrounding landscape. This problem is
solved by means of image operations such as edge detection
and thresholding. In spite of application of both methods we
can still encounter problems of incomplete lines (edges) of the
pylon, which can lead to problems when we perform cuts. This
problem arises with unfavourable lighting conditions when the
images are created. The image contains different brightness
values and the line of the pylon blend into the background or
other objects. This problem can be solved by using existing
tools in the FOTOMNC system — user painted contour lines.

3.2 Implementation of the module and measurement
The images of Extra-High Voltage pylons were taken by
workers of the Faculty of Civil Engineering, VSB-TU Ostrava
and simultaneously re-measured by using standard surveying
techniques used in practice. When taking a photo we used con-
stant distance of 60 meters between camera and observed object.
Pylon was scanned from an initial angle of 0° up to the final
angle of 360°, with 45° stepping. The result contained 8 images.
To be able to reconstruct the selected pylon and perform
subsequent measurement, FOTOMNS system was expanded
with new module. Designed module allows us to perform
cuts, which can be edited by user, determine their location or
quantity. After performing an inverse radon transform module
creates an image of the reconstructed object on the current
cut along with the star artefact (Figure 3) and an image of the
reconstructed object without the star artefact (Figure 4).
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Fig. 3 Reconstructed object with the star artefact.

Fig. 4 Reconstructed object without the star artefact.

After performing five cuts on pylon and applying an inverse
radon transform was created five reconstructed objects in five
selected places on the pylon. Subsequently the individual
images of reconstructed objects were used as input for 3D
modelling of objects and their measurements.

3.3 Image pre-processing

For images of the Extra-High Voltage pylon was neces-
sary to apply multiple image pre-processing operations [9, 10],
which allowed the correct reconstruction of the desired object
by using the inverse radon transform [11]. These operations
are: edge detection and binary thresholding binary that manip-
ulate with images in shades of grey.

After application of the above mentioned operations the
images meet the requirements of the inverse radon transform
and can be successfully used as input data for the embedded
module that implements the inverse radon transform.

4 Measurement of tilt of the pylon
4.1 The resulting deformation of Extra-High Voltage
pylon
Given the nature of the support system of the steel pylons
are the resulting deformation caused by:
+ deformation (tilt) of pylon base structure,
 rotation of the pylon in two assembly joints,
+ bending of the conductor’s tension effects in three parts of
the each pylon.
These three deformations were evident on the first inspec-
tion of existing structure, but also in the analysis of geodetic
measurements on the most deformed pylons.

The assessment of the serviceability limit state based on
a comparison of the values actually measured deformations
on the pylons (steel structure deformation w_ and rotation of
pylon base structure w , ) with the values of allowable deflec-
tion at the top of the pylon, which indicates the valid standard.
Actually measured values of the horizontal deflection of struc-
ture at most deformed pylons in the corners of the power grid
were in ranged from 162 mm to 346 mm.

In the following text, are analysed the resulting deformation
values of pylons obtained from the FOTOMNC system.

4.2 Measurement results of deviation of the Extra-
High Voltage pylons from a single image

Table 1 Measured deviation from a single image (number four), without the
deviation of the concrete base.

Pylons #6 #7
222.22 -

#13
172.6

#17
326.16

Deviation [mm]

A total of eight images were taken for the pylon #13. It was
essential to find an image that corresponded with the direction
of the geodetic survey — important for comparing both meth-
odologies (more in section 5). To find such an image in the
series, geodetic labels were used. These labels were attached
during the geodetic survey on the pylon axis at three heights
for the eastern and northern view. Ideal was an image number
four (see Table 1 results), which corresponded to the eastern
direction from geodetic survey.

It is important to add that the pylon #7 could not be meas-
ured, because there was not any image corresponding to the
eastern view of geodetic survey. Therefore, the measurement
cannot be compare.

4.3 Measurement results of deviation of the Extra-
High Voltage pylons by using of radon transform

Table 2 Maximal measured deviation from image series, without the

deviation of the concrete base.
Pylons #6 #7
303.0 -

#13
309.89

#17
485.94

Max. deviation [mm]

This methodology has huge advantage against geodetic
survey. We can acquire maximal deviation of the observed
object (see Table 2). During the geodetic survey, the labels are
attached according to the eastern or northern direction. But
this not provides the maximal deviation, but only deviation for
the current view.

Again, pylon #7 cannot be measured, because the image
series has only 7 images.

Using of radon transform has another advantage. In our
research we also create 3D voxel model of measured Extra-
High Voltage pylons from 100 cuts (see Figure 5).
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Fig. 5 3D voxel model of Extra-High Voltage pylon #3.

4.4 The accuracy of the measurement
Overall measurement accuracy depends on several factors:

1. Resolution of captured images — non-compliance leads to
poor pixel/metric unit ratio. Therefore, for both types of
measurements (section 4.2 and 4.3) in the FOTOMNG sys-
tem, the 1px deviation is approximately 28 mm.

2. Compliance with the conditions for capturing the images
— non-compliance leads to the failure of eliminating the
perspective distortion and following radon transformation.
Next the deviation distortion due to the camera non-hori-
zontal position during the capturing.

In the case of the first point, the only solution is to take
high-resolution images. In general, the higher resolution of the
image leads to the better accuracy of the measurement.

In the case of the second point, we can use the software
editing directly on the FOTOMN¢ system. For example — non-
horizontal position of the camera can be corrected by rotation
of the image.

5 Evaluation of results achieved

Four high-voltage pylons were evaluated using two methods
- using geodetic survey (see Figure 6) and system FOTOMNC,

When geodetic measurements and photographing of pylons
were observed following procedure — planimetric and altimet-
ric focus of pylons verticality and flatness of the concrete foot-
ings were performed at selected, orthogonal directions. Focus
of the pylons was done using a total station, which was set up
to the most accurate mode of distance measurement. The dif-
ference of repeated measurements of lengths did not exceed 1
mm. All measurements were focused on local horizontal and
vertical system of each pylon separately. Along with meas-
uring of pylons verticality was also aimed elevation of the
concrete footings and repeatedly from two standpoints. The
resulting deviations from the centre of the pylons in vertical
axis were determined from two independent measured values
(from angle and distance values in a given direction and from
distance values in the perpendicular direction). Unlike these
calculated independent measurements, the deviation does not
exceed 3 mm. In the course geodetic survey was carried out
photographing of pylons in accordance with the agreed terms.
The thus obtained images were used in a system FOTOMNS,

Results obtained from geodetic measurements on the exist-
ing structures of the four Extra-High Voltage pylons exhibit
sufficient match with the values of the horizontal deforma-
tions, arising from the numerical analysis of FOTOMN¢ sys-
tem (see Table 3).

pylon 17

Fig. 6 Graphical representation of the geodetic measured deformations of
pylons 6, 7, 13 and 17.

The inaccuracies against the geodetic measurement can
be justified by the quality of submitted images. Photos of
observed structure of Extra-High Voltage pylons were taken
at positions with constant distance of / = 60 m, but it was not
possible, given the nature of the terrain, to keep their same
height. In spite of this lack is precision of obtained horizontal
deviations from the vertical pylon sufficient for the practical
purposes.

Table 3 The difference between the two methodologies.

Pylons #6 #7 #13 #17
Dev. FOTOMMC system [mm] 22222 - 172.6 326.16
Dev. geodetic survey [mm)] 218 162 195 346
Difference [mm] 4.22 - 22.4 19.84

6 Conclusions

In this paper we dealt with deformation analysis of existing
steel structure of selected Extra-High Voltage pylons. Analy-
sis of the deformation state was performed based on geodetic
measurements, but also by using the FOTOMNC system, which
was theoretically described in detail. Comparison was made
between deformation values, which have been obtained by
using both approaches, and was achieved the satisfactory com-
pliance. The differences in the results from both methodolo-
gies can be caused by non-compliance of the conditions dur-
ing the capturing individual images — the constant distance
between observed object and camera position, the direction of
the camera axis to the centre of the observed object, stepping
between individual images (the same angle) and the horizontal
position of the camera during the capturing. However, most of
the conditions are difficult to keep, because of difficult terrain.
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Despite the small inaccuracies, the results are very positive.
The FOTOMNYC system was differed from 4 to 22 mm, which
is negligible in relation to the height of the observed object
(30.2 meters). Next time, if all conditions will meet, accuracy
will increase significantly. Even though pylon #7 has not been
measured, we estimate the results (based on the other meas-
urements) within the above mentioned range.

The measurement methodology itself in the FOTOMNC sys-
tem brings clear benefits — speed, efficiency, repeatability of
the measurement and safety. A great advantage is the use of
radon transformation to obtain maximum deviation and pro-
viding a 3D voxel model.

The described method of numerical modelling of construc-
tion object based on precisely obtained photo documentation
of current state represents a very effective way to quickly and
efficiently analyse the deformation state of structures.
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