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CALIBRATION OF AUTOMATED VERTICALITY MONITORING SYSTEM
OF RADIO-COMMUNICATION MASTS AND TOWERS USING GEODETIC
MEASUREMENTS

The purpose of the study is the development of calibration methodology of automated verticality monitoring
system of radio communication masts and towers using geodetic measurements in order to obtain corrections in
inclinometer measurements relative to the construction’s vertical axis. There are two different methods used for tower
verticality determination: using Global Navigation Satellite Systems (GNSS) observations; three-dimensional
terrestrial geodetic measurements using total station or traditional geodetic measurements methods. This paper is
focused on using microelectromechanical systems (MEMS) dual axis inclinometer for small-angle measurements on
the radio-communication tower to obtain changes relative to the structure of vertical axis. However, the initial
inclination of the tower can be calculated by modelling the variables obtained from the inclinometer data in
combination with geodetic measurements. The method of achieving this goal is provided by theoretical and
experimental studies to perform assembly calibration errors using inclinometer data and total station measurements.
The main result of the study is the possibility of taking into account the initial position of the MEMS sensor defined
as the angle between inclinometer and masts and towers construction. Differences between the calculated and the
measured by inclinometer pitch and roll angles at the same time give the correction to be applied to sensor data. Also,
for high precision calibration of inclinometer sensors the influence of total station accuracy on determination of yaw-
pitch-roll parameters has been estimated. Scientific novelty: Based on relationship between total station and platform
topocentric coordinate systems the formulas for sensor platform orientation parameters calculation have been derived.
Practical significance: the proposed methodology allows calibrating MEMS sensors installed on the radio
communication masts and towers using total station measurements from single ground control point.
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Inclinometers installed on the radio-communi-
cation mast are connected through thunder-
protection modules to a common cable transmitting
data at intervals of 50 milliseconds through an
RS-485 interface. The lower end of the RS-485 cable
is connected to the host-controller for communica-
tions with sensors and a 3G modem to ensure data

Introduction

The worldwide ongoing process of using
microelectromechanical systems (MEMS) technology
for almost every possible sensing modality assume
production of a variety of sensors for measuring
pressure, motion, acceleration, temperature, magnetic
field, and light, as well as gyroscopes, inclinometers,

switches, capacitive touch sensors, etc. [Batusov, et
al., 2014, 2015].

This paper is focused on using MEMS dual axis
inclinometer for small-angle measurements on the
radio-communication tower to obtain changes
relative to the structure’s vertical axis. In order to
calculate corrections in inclinometer data due to the
irregularity of reference surfaces the calibration
methodology of automated verticality monitoring
system of radio communication masts and towers
using geodetic measurements has been developed.

exchange with web-portal server installed in the main
office of S. A. SOFTCOM Company.

Web-portal server stores the sensor data recei-
ved via the Internet from a 3G modem. Server
application software processes the sensor data array
and ensures the user interface for displaying infor-
mation (real time oscillations, mast inclinations and
alarm map). The user gets access to the server via
the Internet to the workstation (see Fig. 1).

In most cases it is very difficult to install an
inclinometer sensor on the metal details of the
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tower construction exactly in the horizontal
position perpendicular to the plumb line. In order to
calibrate the inclinometer on the tower it is
necessary to know the initial inclination of the
construction defined as the angle between the
gravity vector and vertical axis of the construction.
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Fig. 1. Automated verticality monitoring system
architecture (photos by authors)

There are different methods of tower verticality
determination using Global Navigation Satellite
Systems (GNSS) observations, three-dimensional
terrestrial geodetic measurements using total
station, or traditional geodetic measurements methods
well described by different authors [Franceschini, et
al., 2014; Roberts, et al., 2004; Keong, 1999;
Widerski, & Kuratowicz, 2014].

The radio communication masts and towers
verticality determination from GNSS observations
is mostly used for tower and mast deformation
monitoring and is expensive method for incline-
meter calibration. The traditional trigonometric
method requires observations obtained from three
positions located around the communication masts
and towers and it is difficult to be used because for
inclinometer calibration it is necessary to have
simultaneous measurements from three ground
control points. The existing total station measu-
rement methods require observations obtained from
at least two ground control points that also is
difficult to use in the forest were sometimes only
one ground control point is accessible.

In this paper, a precise mathematical model
based on inclinometer data and total station
measurements is proposed in order to perform

assembly calibration errors using single ground
control point. Also the accuracy of proposed
calibration methodology was estimated using the
high precision total station measurements.

The purpose of this study is the development of
calibration methodology of automated verticality
monitoring system of radio communication masts
and towers using geodetic measurements in order to
obtain corrections in inclinometer measurements
relative to the construction of vertical axis.

The preliminary investigations show the
possibility to install MEMS dual axis inclinometer
for small-angle measurements on the radio-
communication tower to obtain changes relative to
the construction of vertical axis.

The initial position of the MEMS sensor
defined as the angles between inclinometer axes
and towers construction can be calculated from the
total station measurements from the single ground
control point using for control measured distances
between prisms mounted at the corners of the
platform with inclinometer installed in the middle
of the metal bar.

Methodology and research results

Based on relationship between total station and
platform topocentric coordinates (see Fig. 2) the
formulas for sensor platform orientation parameters
were derived [Gao, et al., 2016; Kim, et al., 2013;
Luhmann, 2009; Liu, et al., 2013; Li, 2014; Zhang,
2000].

Relationship between orientation angle (yaw)
a, vertical angle z, distance s and total station
system of coordinates Nzs, Ers, Urs are well-known
as the following:

Ny sinzcoso
Erg |=s| sinzsina | (1)
Urg cosz

Geodetic topocentric coordinates N'zs, E'rs, U'rs,
could be determined by using translation vector
[AN, AE, AU]" from total station system of
coordinate Nrs, Ers ,Urs to sensor platform system
of coordinate (see Fig. 2):

Nrg | | Ngs | |AN
Ere |=| Exc |—| AE |.
7;S s (2)
Urs Urg AU
Relationship between geodetic topocentric

coordinates N'zs E’rs U'rs, and sensor platform
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system of coordinates N"pr E"pr U”pr are defined

by rotation matrix:

R:RaxRﬁ ny, 3)
were: _ . -
cosae —sina 0
R, =|sina cosa 0],
| 0 0 1]
[ cosp 0 sinf]
|—sinf8 0 cosy |
1 0 0
R, =10 cosy —siny|
|0 siny cosy

In order to identify origin and the orientation
angle a of platform coordinate system the translation
vector could be considered topocentric coordinates
of prism P;:

Nig Nrg Nrg
Ers | =|Ers| —|Ers| - 4)
Urs pr LUrslpy LUrs Jp

The orientation angle a can be determined from
differences of topocentric coordinates of point P,
and point P:

E!
a = arctg—I5Z (5)
!
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Fig. 2. Relationship between total station and sensor
platform topocentric coordinate systems
Once the orientation angle a is obtained as in
equations (5) a sensor platform could be oriented
by rotation matrix R, around axis U'rs:

N;‘S NTS NTS

E ;s = Erg —| Ers | >

Urs P3 Usps P3 Usps Pl (6)
Npp cosa —sina 0| | Ny
Epr =|sina cosa O|x|Eyg
Upr |ps 0 0 L [Ufs |py

Taking in account equations (6) the pitch angle
S could be determined from differences of total
station coordinates of point P; and point P;:

B = arctgm. ()

PT3
After the orientation o and pitch £ angles are
obtained as in equations (5, 7), the relations between

platform coordinate systems could be established:

Npp cosp 0 sinB| [Npy
Epp| =| 0 1 0 |x|Ep| ,
Upr |py; [—sinB 0 cosfB| [Upr |p,
_ ®)
Ny 10 0 Ny
Epp =0 cosy —siny |x|Epp
Upr |p; |0 siny cosy | [Upr |p,

Taking in account that a third rotation by roll
angle y , rotates the prism P; coordinates N’prs,
E’prs, U'pys to its platform frame U pr =0. From last
row the roll angle y could be derived as following:

siny-Ep, +cosy -Upp, =0,
therefore the roll angle y can be determined from
the prism P; coordinates:
Upry

T ©)

PT3

y =—arctg

For control of pitch angle f and roll angle y
determination using equations (7), (9) we can
calculate coordinates N”prs and E”pr; using measured
distance S;; and angle O between axis Npr and

direction from prism P; to prism Ps:

Ny, =S8, -cos0, E,, =S, -sin0,

PT3

(10)

were angle O could be easy calculated from triangle A
P]P2P3 (see Flg 2)

E
0 = arctg L3

PT3
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The accuracy my; and m, of the pitch # and roll y
angles can be calculated using the coordinate calcula-
tion errors my, myg, distance S;; and angle 6 between
axis Npr and direction from prism P; to prism P;:

Mye

m
S m, =—2E
S -cos@

my ===, (10)

In order to validate the calibration method on the
Ivantseva radio-communication tower (h=117.35 m)
two dual-axis Bewis Sensing inclinometers were
installed with accuracy 0.01° at the 49.85 m level and
0.001° at the 85.85 m level (see Fig. 1).

Taking in consideration the distance from
ground control point ST, to the tower construction
is around 110 m and platform size is around 2.5x2.5 m
the Leica Geosystems total station TC802 with
accuracy m, = +2" and my = +(2+2 ppm) mm
that ensured coordinate calculation with 2.5 mm
accuracy was selected.

The influence of distances between prisms on
pitch and roll angles determination accuracy calculated
for my = myg = 2.5 mm according equations (10) is
shown on the diagram (Fig. 3).

0.016
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Fig. 3. The influence of distances between prisms on
pitch and roll angles determination accuracy.

In order to ensure the inclinometer calibration
accuracy for this kind of tower construction the
prisms Py, P, were mounted at the ends of'the 2.5 m

metal bar with inclinometer installed in the
middle and the prism P3 mounted at the end of
perpendicular metal bar (Fig. 4).

Fig. 4. The scheme of geodetic measurements

The total station measurements to the prisms P,
P,, P; were done from the ground control point ST}
with orientation to ground control point ST,
installed at a distance of 105.759 m near to the
tower construction.

The coordinates of control points ST, ST, were
determined by Leica Viva GS15 GNSS receiver
using national positioning system MOLDPOS.

Differences of the calculated and the measured
by inclinometer pitch and roll angles, at the same
time, give the corrections to pitch angle Af and roll
angle Ay to be applied to sensor data (see Table).

The results show the possibility to use this
calibration method in order to determine the initial
position of the inclinometer installed on the tower
construction.

Comparison of calculated and measured by inclinometer pitch and roll angles

Measured Calculated . Measured | Calculated .
. . Correction . Correction
pitch angle | pitch angle AB= (5 - ) roll angle | pitch angle AV =(r )
72 7 TP G ") 7T e
Inclinometer 1 0.2999 0.5353 0.2354 -0.0213 -0.0973 -0.0760
h=49.85m
Inclinometer 2 0.2998 0.41626 0.1165 0.0780 0.1398 0.0618
h=28585m
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Conclusions

1. The proposed methodology based on the
relationship between total station topocentric
coordinate system and inclinometer platform
coordinate system allow to determine the sensor
platform orientation parameters from one ground
control point using total station measurements.

2. The results of investigations show the
necessity to use at least 2 arcsec and 2 mm+2 ppm
precision total stations in order to calibrate
inclinometer sensors on the tower construction
with a level of precision comparable to the angular
accuracy achievable by 0.001 degrees precision
inclinometers.

3. The geodetic method used for determination
of yaw-pitch-roll parameters should be used for
installation of inclinometer sensors in order to
avoid any influence of construction details due to
the irregularity of reference surfaces.

4. In order to derive yaw, pitch and roll angles
from total station measurements at least three
reference markers have to be installed on the tower
platform taking into consideration the possibility of
increasing distances between them for high
precision calibration of inclinometer sensors.

5. The agreement between inclinometer measu-
rements and independent geodetic methods of com-
puting yaw-pith-roll parameters shows the necessity
to continue investigations on different radio-
communication tower constructions using total
station measurements in combination with GNSS
observations. Future investigations should be orient-
ted on combinations of total station measurements
with GNSS observations in order to increase the
accuracy of installation of inclinometer sensors.

6. This methodology could be extended to the
high-rise buildings deformation monitoring taking
in account possibilities to install a single Automated
Motorized Total Station.

Publication is funded by the Polish National
Agency for Academic Exchange under the

International Academic Partnerships Programme
from the project “Organization of the 9th
International Scientific and Technical Conference
entitled Environmental Engineering, Photogrammetry,
Geoinformatics — Modern Technologies and
Development Perspectives”.
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KAJIIBPALISI ABTOMATHU30BAHOI CUCTEMM MOHITOPUHI'Y BEPTUKAJIBHOCTI
PAJIIOKOMYHIKAILIMHUX I[OTJT TA BEX 3 BAKOPUCTAHHSM I'EOJIESMUYHUX BUMIPIOBAHb

MeTo10 nocizKeHHS € PO3po0Ka METOIUKY KaaiOpyBaHHS aBTOMAaTH30BaHOI CHCTEMH MOHITOPHHTY BEPTHUKAIIb-
HOCTI IOTJI Ta BEX Pajio3B'si3Ky 3 BUKOPHUCTAHHSIM T€OJC3WYHHMX BHUMIPIOBaHb 3 METOK0 OTPUMAHHS TONPaBOK B
IHKITIHOMETPHYHUX BUMipax IIOAO BEPTHKAJIBHOI OCI KOHCTPYKLii. ICHYIOTH 1Ba pi3HI METOAH, SIKI BHKOPHCTO-
BYIOTBCSl [UISl BHU3HAYCHHS BEPTUKAJIBHOCTI BEXKi: BHKOPUCTAHHS CHOCTEPEKEHb INOOANBHUX HaBiraliiHux
cynytHukoBux cucreM (GNSS); TpuBUMIipHI Ha3eMHi r'e0JIe3MYHI BUMIPIOBAHHS 3 BUKOPUCTAHHSM TaxeoOMeETpiB abo
TPaJUIIHHAX METOMIB TeONE3UYHMUX BHUMIpIOBaHb. L[ CTAaTTsA 30cepemkeHa Ha BHKOPHUCTaHHI MiKpOENEKTpoMexa-
HiuHux cucreM (MEMS) 3 ABOKIIIHIYHMM 1HKJITHOMETPOM JJIsl BUMIPIOBAaHHS MaJlMX KyTiB Ha paJiOKOMYyHIKaIliiHIH
BEXI Ul OTPUMAaHHS 3MiH BIJIHOCHO BEPTHKaJbHOI OCi KOHCTpYKHii. OJHaK MOYaTKOBUN HaXWiI BEXi MOXHA
0OYHUCITUTH, MOZIEIIFOIOYH 3MiHHI, OTPUMaHI 3 JaHWUX IHKJITHOMETPIB Yy MOEJHAHHI 3 T€OIC3NYHUMU BHUMIiPIOBAHHIMH.
The method of achieving this goal is provided by theoretical and experimental studies to perform assembly
calibration errors using inclinometer data and total station measurements. The main result of the study is the
possibility of taking into account the initial position of the MEMS sensor defined as the angle between inclinometer
and masts and towers construction. Differences between the calculated and the measured by inclinometer pitch and
roll angles at the same time give the correction to be applied to sensor data. Also, for high precision calibration of
inclinometer sensors the influence of total station accuracy on determination of yaw-pitch-roll parameters was
estimated. Scientific novelty: Based on relationship between total station and platform topocentric coordinate
systems the formulas for sensor platform orientation parameters calculation were derived. Practical significance: the
proposed methodology allows calibrating MEMS sensors installed on the radio communication masts and towers
using total station measurements from single ground control point. MeTon qOCATHEHHS i€l METH 3a0€3MeUy€EThCS
TCOPETUYHUMH Ta EKCICPUMEHTANBHUMH JOCTI/DKCHHSIMHU JUISl BUKOHAHHS 300py TMOMEJIOK KamiOpyBaHHS 3
BUKOPHCTaHHSIM JIaHUX I1HKJIIHOMETPIB Ta BHMIpIOBaHb 3a JIOIIOMOTOI0 TaxeoMeTpiB. OCHOBHHM Ppe3yJabTaTOM
JOCJIKEHHsI € MOXITHBICTh BpaxyBaHHsS BHXIJHOTO TMOJNOKeHHS aaTynka MEMS, BH3HAUeHOro SK KyT MiX
IHKJTIHOMETPOM Ta KOHCTPYKIIIEIO MIOTJT Ta BeX. Pi3HUII MiXK 00YHCIIEHMMU Ta BUMIPSHUMHU HaXWJIaMH 1HKJIIHOMETpa
Ta KyTaMH HaxWIy OJHOYACHO JAl0Th KOPHI'YBAHHS, SKE CNiJi 3aCTOCYBaTH 10 MAHUX jaaTduka. Kpim Toro, s
BHCOKOTOYHOI KaniOpyBaHHs JaTYMKIB 1HKJIIHOMETpiB OyB OLIHEHWI BIUTMB TOYHOCTI TaxeoMeTpa Ha BHU3HAUEHHS
nmapaMmeTpiB BigxwieHb. HaykoBa HoBM3HAa: Ha OCHOBI CHIBBITHOIICHHS 3arajbHOI CTaHINi Ta TOMOIEHTPUYHOI
CHCTEMU KOOpIUHAT Oynu OTpuUMaHi (QOpMyIH Ui pO3pPaxyHKy MapaMeTpiB oOpieHTamii IUIaTopMH JaTdHKa.
IIpakTUyHe 3HAYEHHsI: 3allPOIIOHOBAaHA METONONOTIsI N03BoNsiEe KanmiOpyBatu nartunku MEMS, BcraHOoBieHI Ha
HIOTJIaX 1 BeXax pajio3B’ 3Ky, BUKOPHUCTOBYIOUH BUMIPIOBAHHS TaXEOMETPOM 3 OJIHI€T OMIOPHOT TOUKH.

Kntouosi crosa: KOHCTPYKIiS BEXi, IOTIIN, KamiOpyBaHHs, IHKJIITHOMETD, T'€0/Ie3NYHE BUMipIOBAHHS, TAXEOMETP
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