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Purpose. The aim of the investigation is optimization monitoring of spatial displacements by GNSS and selection
of minimal intervals of GNSS observations with given accuracy parameters. Methodology. For simulate the
monitoring process on a real object tested network GNSS vectors with different lengths were installed. The network
consisted of 4 points where two-frequency GNSS receivers were installed. At one of the points for deformation
simulation, a specially designed device was installed which allowed to change the GNSS antenna position with high
accuracy. The reference stations SULP and NTEH as well as the JAHT station, which was installed on the pillar of
the 2™ academic building of the Lviv Polytechnic National University, was chosen as a geodetic reference point.
Continuous observations were conducted in static mode from January 25 to February 8, 2017 inclusive. During 15
days of observations, the antenna was displaced in a horizontal plane by means of a deformation simulation device. In
total, 4 displacements were made during the investigation period. To detect model deformations, single vectors with
1, 3 and 6 hours observation intervals were used. These results were compared with the results of network adjustment.
Results The observations data were processed in the software Leica Geo Office 8.2. According to the results of the
observations, the accuracy of the detection of antenna spatial displacements for the various lengths of the vectors and
the duration of the GNSS observations were calculated. Experimental studies carried out for vectors up to 2 km show
that to achieve the accuracy of the deformation determination at a level of 3 mm in the horizontal plane and 5 mm in
height that there was enough 1 hour interval observations with the data sampling rate 1 s. Practical significance. The
obtained results in the future can be used as recommendations in the design and construction of automated systems
for monitoring complex engineering structures.
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Introduction with an accuracy of 10-20 mm, and with static
observations with a duration of 30—120 minutes, get
coordinates with an accuracy of 5 mm and better. In
[Chrzanowski et al., 2001], it has been shown that
the use of a 1 hour interval of satellite observation
performed by automated monitoring systems can
detect deformations larger than 10 mm.

Another interesting example is the Pacoima
(USA) automated dam monitoring system, which was

In recent years, engineers increasingly use
satellite technology to monitor engineering structures.
The automated monitoring systems installed at 4
hydroelectric power plants in Ukraine (Dnister HPP,
Kaniv HPP, Dnipro hydroelectric power station and
Central Dniprovska HPP) have become widely used.
The use of automated monitoring systems is not

limited only to HPP and HPPS — there are other
complex engineering structures (bridges, tall
buildings, air transitions, overpasses) that require
constant geodetic supervision.

At present, there are many examples of
successful useage of automated systems that are
installed on various objects and continuously
conduct geodetic monitoring. For example, [Currie,
2013] has shown the main and most practical
methods of deformation monitoring, with achieved
accuracy in real time in New Zealand. Modern
GNSS receivers are used for spatial definitions,
which are able to determine in real time coordinates

deployed in 1995 [Hudnut et al., 1998]. It consists of
6 stations — 2 stations directly on the dam, 1 station is
installed near the fixed rock massif and 3 more
stations are used from the network of reference
stations within a radius of 2.5 km. The stations
operate continuously, and accumulate data at intervals
of 30 seconds, and through communication channels
send data to the processing centre. After processing
daily RINEX files with precise ephemeris, the authors
achieved precision of 4-6 mm in the horizontal
coordinates and 12 mm in height.

In [Srbinoski et al., 2010], the results of the
observation of the dam of Mavrovo (Bulgaria),
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performed by traditional linear-angular
(microtriangulation, trilateration) and satellite
methods are given. Satellite observations were
conducted in the mode of fast statics for a 10
minute duration with a 1-second simple rate. The
difference between the results obtained by these
methods did not exceed 5 mm, which indicate high
accuracy and reliability of satellite monitoring
methods for deformation [Kaftan et a., 2013].

Smilar comparisons between satellite and
terrestrial observations were obtained at [Kalkan et d.,
2010]. For the monitoring of the Atatirk Dam
(Turkey), 8 hours of satellite observation at intervals
of 5 seconds were used for 3 years. It has reached the
accuracy of detecting deformations of severd mm'’s,
and after comparing the results to terrestria
observations, the difference did not exceed 1 cm.

In [Yodis, 2015] for one month employees of
the company JAVAD tested the automated
monitoring system at the hydroelectric power
station. According to the results of tests using
GNSS-equipment the accuracy of 1-2 mm in
horizontal coordinates and 2—4 mm in height were
reached. The preliminary results of the deformation
monitoring in automatic mode show that use of
hourly intervals of GNSS observations can detect
displacement within a few millimeters. The main
conditions for ensuring such accuracy are the lack
of multipath and obstructions in the frequency band
of satellite measurements that are performed at
reference and controlled points, as well as the
correct placement of these points on the object.

The systems of Leica GeoSystems (Leica
GeoMoS), Topcon (DC3) and Trimble (Trimble 4D
Control 3.0) are applied in different directions:
construction, exploitation, environmental protection
and mining. The difference between these systems
is the number of modules and software
implementation of each of the manufacturers. An
example of the implemented project is the Leica
GeoM oS monitoring system for bridge construction
in Moscow (2010). The accuracy of the monitoring
is 1-2 mm and 2-3 mm at a discreteness of
15 minutes and 1 s respectively. Also, the system
worked during the construction of Olympic
facilitiesin Sochi. At a 2-hour interval, an accuracy
of 0.6 mm £1 mm / km was obtained. The Trimble
4DC system was used in Zurich (Switzerland)
during the construction of an underground line. The
discreteness of the work was 30 minutes, and the
accuracy of Imm+ 1 mm/ km.

As we see from the foregoing, in order to obtain
more precision, they prefer static observation over
kinematics, and the duration of observations on

different objects is not the same. Another feature of
automated monitoring systems is, as a rule, the
absence of long vectors (more than 5 km), which
reduces the duration of observations without
significant loss of accuracy.

The automated satellite monitoring system using
the GLONASS/GPS [Kosmicheskaya GES, 2013]
was developed for monitoring the displacement of
control points at the Nizhnekamsk hydroelectric
power station (Russi@), which provides
determination of displacements with an accuracy of
1-3 mm for a 6-hour cycle. It should be noted that
just a 6 hour duration of the session of static
satellite observations is actually considered optimal
for determining coordinates with millimeter
precision, which meets the requirements for high
precison monitoring of objects of this type. A
similar technique was widely used to instal
automated systems by the Ingtitute of Geodesy at
the National University "Lviv Polytechnic" for
monitoring a number of Ukrainian power plants:
Kaniv. HPP (May, October 2007, 2010);
Kremenchug HPP (2007); Dneprodzerzhinsk HPP
(May, October 2007); Dnipro HPP (2005, 2010);
Dniester HPPS (2003, 2004, 2005, 2006, 2007,
2009, 2011, 2012, 2013, 2014, 2015, 2016)
[Bisovetsky et al., 2011] [Lompas et al., 2016]
[Tretyak et al., 2017]. It should also be noted that
during the investigated period, for the given
objects the accuracy of the definition of
horizontal displacement was 2 mm, and the
verticlk — 3 mm. However, using 6 hours
monitoring sessions or more reduced monitoring
efficiency. Therefore the selection of optimal
observation intervals is an important criterion for
the design of such systems.

Purpose

The aim of the investigation is optimization
monitoring of spatial displacements by GNSS and
selection minimal intervals of GNSS observations
with given accuracy parameters. Also, we
compared results of processing singles GNSS
vectors and results after network adjusting.

M ethodology

To conduct the experiment, to smulae the
monitoring process on a red object, a tested network
with different vectors lengths was ingdled. 3 stations
were sdected as a geodesc bass (Fig. 1) with
2 reference dations (SULP and NTEH) and JAHT
gation, which was ingtaled on the pillar on the top of
2" university academic building (Fig. 2).
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Fig. 1. Tested Network location

SULP

NTEH JAHT

Fig. 2. Reference stations for monitoring

A specialy designed device for deformations
simulation (DDS) was installed at the station DAH2
(2™ academic building of the Lviv Polytechnic
National University). This device alowed to
change the GNSS antenna position with high
accuracy (Fig. 3).

The device consgsts of two carriages moving in
mutually perpendicular directions. In addition, the left
carriage can dso move in vertically. Using micrometric
screws, the cariage can be displaced a certain
distances with high accuracy (up to 0.01 mm). GNSS
antenna Trimble ZEPHYR GEODETIC Modd 2 with
dud-frequency receiver Trimble R7 was indalled on

the device for deformations smulation. The following
parameters were st on al receivers: cut-off angle —
10°, sample rate — 1 sec. The reference station SULP
was located 190 meters from the device for
deformations smulation, the reference station NTEH
was 1400 meters away, and JAHT was 30 meters
away.

Continuous observations were conducted in
static mode from January 25 to February 8, 2017.
During 15 days of observations, the GNSS-antenna
was displaced in a horizontal plane. During this
period 4 displacements were made. The schedule
and the magnitude of the displacements are given in
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Table 1. The carriage moved aong the azimuth
279° 09 09.7", for correct anaysis of the

displacement magnitude, it was calculated for
North and East directions (AN and AE).

Fig. 3. Device for deformations simulation at the station DAH2

Table 1
Schedule of carried displacements using defor mation modeling device
Counting on adifferential Magnitude of the AN AE
Date utc carriage micrometer displacements (mm) (mm) (mm)
1 25.01.2017 p. 18:00 55.0
15 -2.38 +14.81
2 01.02.2017 p. 12:30 70.0
10 +1.59 -9.87
3 03.02.2017 p. 11:32 65.0
5 +0.79 -4.94
4 06.02.2017 p. 09:00 60.0
5 +0.79 -4.94
5 08.02.2017 p. 09:25 55.0

To detect modedl deformations, measured single
vectors SULP-DAH2, NTEH-DAH2, JAHT-DAH2
with 1, 3 and 6 hours observation intervals
were used.

Results

The observations were processed in the
software Leica Geo Office 8.2. In some
automated monitoring systems, in particular
those installed at the Ukrainian hydroelectric
power plants, information on possible
deformations is obtained on the measurement of
single vectors. Therefore, one of the main tasks
was to establish the feasibility of using such an

approach for monitoring deformations and
comparing them to the results obtained after
network adjusting. The intervals of observation
for single vectors NTEH-DAH2, SULP-DAH2
and JAHT-DAH2 were 6, 3 and 1 hour. The
lengths of the vectors were 1400 m, 190 m and
30 m, respectively. Fig. 4-6 shows the
displacements of the GNSS antenna in the
horizontal plane, in height, as well as in the north
N and east E directions for 6 hour, 3 hour and 1
hour time intervals. As we can see on the
Fig. 46 the biggest displacements were made
along W-E direction and as result the scale of
vertical axisis different for different component.
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The man numerical characteristics are
summarized in Table 2, which contains information
on the number of observed epochs (Num), the mean
deviation (Avg), standart deviation (SD), the
minimum and maximum deviations (Min and Max),
which alow to sum up the scope of deviation. All
values in Table 2 are in millimeters. Displacements
in the horizontal plane are denoted d, the
displacement in the north and east directions are
denoted n and e respectively, and the displacement
in height — u.

As can be seen on the Figs. (4-6) and Table 2,
the standard deviation in the horizontal plane varies
from 1-1.5 mm for a 6 hour interval to 2 mm for 1
hour. A similar situation is observed for the North
and East components. Such a high level of
horizontal precision meets the requirements for
majority of automated monitoring systems, for
which this criterion is 3-5 mm. As for the high-
atitude component the standard deviation ranges
from 1.5-2 mm for a 6 hour interval to amost
5mm for al hour interval.

Fig. 4. Results of vectors measurement by 6 — hour interval

Fig. 5. Results of vectors measurement by 3 — hour interval
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Fig. 6. Results of vectors measurement by 1 — hour interval

Table 2
Basic statistical characteristics of displacements by individual vectors

SULP-DAH2 NTEH-DAH2 JAHT-DAH2
Num Avg SD Min Max Num Avg SD Min Max Num Avg SD Min Max
d 49 0.5 1.0 -2.0 3.9 56 -0.3 1.2 -2.6 4.3 54 -0.2 1.3 -2.8 3.8
E n 49 -0.2 0.9 -3.6 1.4 56 0.2 0.7 -1.6 1.8 54 -0.3 0.6 -2.0 1.7
E e 49 0.6 1.0 -1.5 4.4 56 0.7 1.1 -1.3 54 54 -0.4 1.2 -2.5 3.9
- u 49 2.1 2.3 -1.1 6.0 56 0.5 0.9 -1.7 2.7 54 -1.3 1.6 -5.8 1.0
d| 100 | -0.2 | 1.0 2.9 32 | 113 | -1.0 | 08 | 06 | 31 | 102 | 04 | 1.8 | -105 | 4.9
,f': n| 100 -1.0 0.9 -4.8 1.2 113 -0.7 0.8 -0.1 1.4 102 -0.2 1.3 -5.3 2.8
E e | 100 -0.5 1.0 -2.6 2.5 113 0.4 0.7 0.7 4.7 102 -0.9 2.0 -18.2 3.2
- u| 100 -0.4 35 -7.2 4.3 113 -1.1 1.4 -0.1 3.0 102 -1.5 1.8 -7.6 2.1
d| 297 -0.7 1.5 -9.3 4.3 331 -0.1 1.0 -8.1 2.3 238 0.0 1.7 -10.5 6.7
,f, n| 297 | 24 | 20 -8.0 1.9 [ 331 | 01 | 1.1 | 34 | 28 | 238 | -01 | 15 -6.9 3.6
E e | 297 -0.6 1.3 -8.0 3.8 331 0.1 0.8 -7.3 2.7 238 -0.2 1.6 -17.7 5.7
“lul 207 [ 30| 47 | 80 | 50 [ 331 | 25| 18 | 87 | 23 | 238 | 12 | 23 -8.8 7.0

In addition, it should be noted that in our case
the accuracy was not heavily dependent on the
length of the vector — sometimes we received
inferior accuracy from the shortest vector JAHT-
DAH (30 m) than from the longest vector NTEH-
DAH (1400 m). This is especialy raises concerns
to the altitude component. Also, from Figs (4-6)
and Table 2 it follows that the use of the 6 hour

Observation interval does not yield significant
advantages in accuracy above the 1 hour interval.
This suggests the possibility of using shorter
observation intervals for satellite-based automated
monitoring systems. Although, using 1 hour
intervals gives a worse accuracy (about 1 mm in
horizontal and 2 mm in height) compared 6 hours,
but significantly increases the efficiency of the



42 eodesisi, kapmoepadpis i aepogpomosHimaHHs. Bur. 87, 2018

monitoring system. To confirm this predicate,
histograms of error distribution for each vector
were constructed at different intervals of
observations (Figs. 7-9). In fig. 7 to 9 other colors
highlighted the area (3 mm in horizontal and
5 mm in height), which satisfy the accuracy
requirements of most modern  automated
monitoring systems for engineering structures, in
particular systems installed at the Ukrainian
hydroelectric power plants. This accuracy was
stated by PJSC “Ukrhydroenergo” in the
competition for the implementation of part of the
project “Rehabilitation of hydroelectric power
stations” at the Dnister HPP, Kaniv HPP, Dnipro
hydroelectric power station and Central Dniprovska
HPP [Mizhnarodna spivpratsya, 2013].

As we see from histograms, most of deviations
describe the normal distribution law, and with the

exception of a few percent, they are within £3 mm
in the horizontal plane. As predicted the height
component was worse (deviations fluctuate within
5 mm), but as seen from the graphs and
histograms, deviations are jump-like. Such behavior
of the height component and the possibility of
removing the “saw” from results requires additional
research.

To investigate the feasibility of using the
adjustment procedure during the monitoring
process, a comparison of the measurement results
obtained from single vectors was made before and
after adjustment were performed. For this purpose,
the network was adjusted in the Leica Geo Office
8.2. Figure 10 shows graphs of deviations for
adjusted data. The main statistical characteristics of
deviations received after adjustment are presented
inTable 3.

Displacement in the North
direction

Displacement
in the East direction

Displacement in height

Interval 6"

30%

0% -

0% -

0% -

10% |-

[
]

Interval 3"

0%

5% -

0% -

15% |-

10% |-

Interval 1"

0%

Fig. 7. Histogram of the errors distribution for the SULP-DAH vector
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Fig. 9. Histogram of the errors distribution for the JAHT-DAH vector



eodesisi, kapmoepadpis i aepogpomosHimaHHs. Bur. 87, 2018

40% T T T T T
% ]
o L Lo
= my .- ...... ;_
>
T ' Lo
e 0% - 4-- et
%
- -4 -2 0 2 4 [
i
0% T T T T T
% - : _
0% .
- i i i
S . . n
T 10% =1 T
2 . .
— 5o | 1. . R . . . . . .
%
% 4 -2 0 % 4 &
mim
Fig. 9. Histogram of the errors distribution for the JAHT-DAH vector (cont.)
Fig. 10. Deviations from adjusted data
Table 3
Basic statistical characteristics of deviations after adjustment
Interval 6" Interval 3" Interval 1"
Num Avg SD Min Max Num Avg SD Min Max Num Avg SD Min Max
53 01| 10 | 23 | 36 115 | -05 | 07 | -32 | 3.1 341 | -03 | 1.0 7.1 3.0
53 01 | 05 | 09 | 14 115 | 06 | 06 | -1.9 | 1.4 341 | -05 | 1.0 -4.1 2.0
53 03 | 09 | -16 | 41 115 | -02 | 07 | -24 | 36 341 | -01 | 08 -6.2 3.2
53 07 | 11 | 14 | 31 115 | <10 | 1.7 | -52 | 19 341 | 23 | 24 | -11.4 2.2
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Based on the results obtained after

with single vectors, other color has area

adjustment, an errors distribution histogram  with errors £3 mm in horizontal and 5 mm
was constructed (Fig. 11). Similar to the case in height.
Dlsplacement In the North Displacement in the East direction Displacement in height
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Fig. 11. Histogram distribution of errorsreceived after adjustment

From Fig. 11 and Table 3 above, we can see a
slight increase in accuracy for both horizontal and
vertical components. The standard deviation in the
horizontal coordinates is =1 mm regardless of
duration. The standard deviation of height varies
from 1 mm for a 6 hour interval to 2.5 mm for a 1
hour interval. In the analysis of histograms, we see
that deviations also obey the normal distribution
law and more than 95 % are within £2-3 mm in
horizontal and £3—-4 mm in height.

Scientific novelty and practical significance

The obtained results in the future can be used as
recommendations in the design and construction of

automated systems for monitoring complex
engineering structures.
Conclusions
Most modern automated  systems  of

deformation monitoring of complex engineering
objects, including the system installed on the dams
of Ukrainian hydroelectric plants, are oriented to
the accuracy of determination of deformations at
the level of 3-5 mm. In this case, 6 hour intervals
of observations are used, which considerably
reduces the efficiency of the system 's response to
possible extraordinary events. According to the
results of the performed research, the possibility of
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using 1 hour intervals instead of 6 hours without
significant loss of accuracy has been proven, since
the mean square deviation in the horizontal plane
varies from 1-1.5 mm for the 6 hour observation
interval, and up to 2 mm for a 1 hour interval. For
the height component, the mean square deviation
ranged from 1.5-2 mm for a 6 hour interval to
amost 5 mm for 1 hour. The use of 1 hour intervals
gives adlight deterioration in accuracy (about 1 mm
in plan and 2 mm in height) compared to 6 hours,
however it significantly increases the efficiency of
the monitoring system.
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AOCIIKEHHA TOYHOCTI BUMIPIOBAHHA T'HCC-BEKTOPIB
TP MOHITOPUHI'Y JE®OPMALIN IHXKEHEPHUX CITIOPY ]|

Meta. MeTOI0 IOCTiDKCHHS € ONTUMI3aIiss MoHITOpHHTY 3a nomomoroio 'HCC mpocTopoBHX 3MilleHb Ha
CKJIaHUX IHKCHEPHUX cropynax Ta MiHimizamis inrepsaiiB [HCC-croctepexens 3a 3a1aHuX MapaMeTpiB TOYHOCTI.
Metoauxka. [l NpoBEAEHHSA EKCIICPHUMEHTY PO3TOPHYTO TECTOBY 3HIMAlbHY MEpeXy 3 PI3HUMH JOBXKHHAMH
BEKTODIB, SIKa IMiTye MOHITOPHHI Ha pealbHOMY 00’ exTi. Mepexka ckiananacs 3 4 MyHKTIB, Ha SKHX BCTAaHOBIICHO
nBovactoTHi ['HCC-npuitmaui. Ha opHOMY 3 IyHKTIB JUIs MOJIENIOBaHHs JedopMalliii BCTaHOBJICHO CHELiaIbHO
PO3pOOJICHUI PHUCTPIH, SIKKI JaBaB 3MOTY TIPOBOJUTH 3MIlIEHHS aHTEHU Ta (IKCyBaTH iX 3 BUCOKOIO TOUHICTIO. SIK
reojie3suuHy ocHOBY BHOpaHo pedepeniHi ctaniii SULP ta NTEH, a takox ta cranmiro JAHT, siky BcTaHOBIIEHO Ha
MUIOHI  2-TO0  HaBYaJIbHOrO Kopmycy HamionansHoro yHiBepcurery “JIbBiBcbka momitexHika”. besnepepsHi
CIIOCTEPEKEHHS TPOBOAMIINCS Y CTaTUIHOMY pexknMi 3 25 ciuns mo 8 mrotoro 2017 poxy Bkmouro. [Ipotsrom 15
JHIB CIIOCTEPEKEHb MPOBOAMIMCH 3MILICHHS AaHTCHH B TOPU30HTAJBbHIN IUIONIMHI 32 JAOIMOMOTOI0 MPUCTPOIO IS
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MozemoBaHHs gedopmauiil. Beporo 3a mociipkyBaHuid epioll npoBesieHo 4 3minieHHs. [y BUSBICHHS MOJACIBHUX
nedopmariii BUKOPUCTOBYBAINCH BHMIPSHI MOOIMHOKI BekTopu Big omopHux cranmii SULP, NTEH, JAHT 3
iHTEepBaJaMu criocrepekeHb 1, 3 Ta 6 roiauH, a TaKoX pPe3yJdbTaTH BPIBHOBAXKYBAHHS MEPEkKi 3 IIMX BEKTOPIB.
PesyabTaTi. JlaHi crioctepekeHb OMpaiboBaHo y mporpamHoMy maketi Leica Geo Office 8.2. 3a pesynpraTamu
BUKOHAHMX CIIOCTEPE)KEHb OOYMCICHO TOYHICTh BHSBJICHHSI NPOCTOPOBHX 3MIlllEHb AHTEHM JUIS PI3HUX JOBXKHUH
BekTopiB Ta TpuBasiocteid 'HCC-crniocrepexens. [IpoBeneHi ekcriepuMeHTaNbHI JOCIIKSHHS sl BEKTOPIB 710 2 KM
MOKa3yloTh, IO ISl IOCSTHEHHSI TOYHOCTI BU3HAueHHs Aedopmaliiil Ha piBHI 3 MM B TOPU30HTAJIbHIN IUIOMIMHI Ta
5 MM 1o BHCOTI JOCTatHbO 1 TOXMHHOrO IHTEpBaly CHOCTEPEXKEHb NPH JUCKPETHOCTI 3amucy JaHux 1 c.
IpakTnyna 3HavymicTb. OTpUMaHi pe3ysbTaTH y IMOJAIBIIOMY MOXXHA BHKOPHCTATH SK PEeKOMEHAAIi mij Jac
MIPOEKTYBAHHSI Ta MOOY0BH aBTOMATH30BAaHUX CUCTEM MOHITOPUHTY CKJIQJIHUX 1HKEHEPHHUX CIOPY/I.
Knrouosi crosa: THCC-cTaHIis, CymyTHUKOBI CIIOCTEPEKEHHS, MOHITOPHHT, e opMarrii.
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