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Abstract: UAVs are becoming increasingly used in the field of structural health monitoring, and the
position information of them during the tasks is crucial. However, in complex scenarios such as
bridges and high-rise buildings, the GNSS positioning method cannot obtain the positions of the
UAV all the time due to the blockage of satellite signals and multi-path effects. This paper proposes a
real-time positioning method to address the issue combining GNSS and total station. The GNSS is
first used to locate the UAV when it is not in the line of sight of the total station, and the coordinates
of the UAV are transmitted to the total station for blind tracking through coordinates conversion.
The total station is then used to directly track the UAV when it flies to the GNSS-denied area and
appears in the field view of the total station. Experiments show that the shift from blind tracking
to direct tracking can be guaranteed as the coordinates conversion error is always less than the
field of view range of the total station, even if only two common points are used for coordinates
conversion. In addition, high positioning accuracy can be achieved in complex structural health

monitoring scenarios.

Keywords: unmanned aerial vehicle; positioning; global navigation satellite system; total station;
structural health monitoring

1. Introduction

Civil infrastructures, which include bridges and buildings, play an important role in
human life, and the safety of them cannot be ignored during long periods of operation.
It is necessary to conduct structural health monitoring [1-3] to ensure safety and avoid
unnecessary losses. With the improvement of modern construction technologies, structures
become increasingly complex, and more of them are built in difficult areas, resulting in the
shortcomings of traditional structural health monitoring methods, such as low efficiency
and insufficient safety. Unmanned aerial vehicles (UAVs), with the advantages of small size
and light weight, being highly maneuverable and flexible, are suitable for structural health
monitoring for complex structures. Many researchers have already used them for such
purposes [4,5]. Structural health monitoring with UAVs functions in the way of detecting
defects such as cracks, spalling, and water seepage by taking pictures. It is important to
determine the positions of defects for further maintenance. Generally, the positions of the
above-mentioned defects are located by determining the positions of the UAV when taking
images. For the UAV positioning method, the global navigation satellite system (GNSS)
is most used outdoors [6-9]. With real-time kinematic (RTK) technology, it can achieve
centimeter-level positioning accuracy. Unfortunately, in places such as three-dimensional
traffic constructions, bridges, and high-rise buildings, satellite signal blockages and multi-
path effects bring challenges to UAV positioning with GNSS. In order to overcome the above
problems, positioning technologies such as Wi-Fi [10,11], ultra-wideband (UWB) [12-15],
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and ultrasound [16,17] are applied to determine the position of the UAV. Aiming at flexible
and convenient monitoring with UAVs, Han et al. [18] proposed an image-based detection
and location method for cracks on the surface and to avoid potential safety accidents.
Li et al. [10] proposed a set of UAV positioning methods for indoor environments based on
the integration of Wi-Fi and IMU. Based on the advantages of the ranging accuracy and the
refresh frequency of UWB, Li et al. [12] proposed the application of UWB to the relative
positioning of UAVs. Son et al. [19] proposed a method to calculate the optimal volume
of waste storage in environmental management by combining terrestrial laser scanners
and UAV positioning. Aytag et al. [17] utilized the ultrasonic sensor installed on the UAV
to filter the relevant location information of the mine to obtain a more accurate map of
the mine and improve the work efficiency of miners. Vision technology and airborne
cameras have been used for UAV positioning [20-22], and a set of vision-based algorithms,
including deep learning, have been adopted. Experimental results show that these methods
can provide reliable real-time positioning.

A single method cannot meet the needs of real-time positioning of UAVs in complex
scenes, such as across high-rise buildings and at the bottom of bridges. In addition, the
combination of positioning methods to achieve real-time positioning for UAVs have been
studied. Li et al. [23] proposed a UAV positioning method based on GNSS, inertial naviga-
tion system (INS), and visible light sensor fusion. Li et al. [13] proposed an indoor naviga-
tion and positioning method for UAVs that integrates information from three-dimensional
laser scanners, UWB, and INS. The total station can achieve millimeter-level positioning
accuracy and track the target automatically [24,25], making it an alternative method for
UAV positioning in complex structural health monitoring scenarios. In addition, tracking
UAUVs or other moving objects with total stations has been tested [26,27]. Ishii et al. [28]
proposed autonomous UAV flight using the total station to estimate self-localization in a
non-GNSS environment. Benjumea et al. [29] proposed a localization system for UAVs in
inspection tasks with a robotic total station in the absence of a GNSS signal. However, the
UAV may fly out of the field view of the total station in complex structure scenarios, making
the total station unable to track the UAV. In this paper, we propose a real-time positioning
method for UAVs, combining total station and GNSS, when it is used for structural health
monitoring in complex scenarios. Firstly, the conversion parameters for the coordinate
systems of GNSS and the total station are obtained with common points. When the UAV is
not in the field view of the total station, the coordinates of the UAV are obtained through
GNSS and transmitted to the total station so that it can blindly track the UAV through
coordinates conversion. When the UAV flies to a GNSS-denied area and appears in the
field view of the total station, the blind tracking mode of the total station is shifted to direct
tracking and the coordinates of the UAV can be obtained with it. The structure of this
article is organized as follows. Section 2 introduces the positioning principles of GNSS
and the total station. And the principle of the proposed real-time positioning method is
also described. The effectiveness and accuracy of the proposed method are verified with
experiments and field tests in Section 3. Section 4 summarizes the main conclusions and
research prospects.

2. Methods
2.1. Real-Time Kinematic Positioning

Real-time kinematic (RTK) is a positioning technology based on GNSS carrier phase
difference measurements, and it combines wireless data transmission to achieve real-time
dynamic centimeter-level positioning. As shown in Figure 1, RTK positioning technology
usually includes four parts: satellites, base stations, a mobile station, and a data transmis-
sion link between the two stations. The principle of RTK positioning is that the satellite
receiver on the base station and the mobile station simultaneously receive signals from
multiple satellites, and, at the same time, the base station sends the received satellite
measurements and known station coordinates to the mobile station through the data trans-
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mission link. The mobile station determines its position through differential processing
between the measurements of the base station and its own position.

Satellites

I
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GNSS Base Station

GNSS Mobile Station

Figure 1. The principle of RTK positioning.

With the development of science and technology, the network RTK positioning tech-
nology appeared. At present, the advanced representative of the network RTK positioning
technology is the continuous operation reference station system (CORS). When using the
CORS system, the user does not need to set up a GNSS base station, and can achieve
centimeter-level positioning accuracy through the differential service provided by the
control center of CORS through the wireless network, such as 4G, which has advantages
over the single base station method.

RTK positioning has the advantages of all-weather automatic real-time positioning,
high positioning efficiency, fast speed, and simple operation. However, it cannot be used
for indoor positioning, as satellite signals cannot penetrate, and its accuracy is affected by
tropospheric and multipath effects.

2.2. Total Station Based Positioning

The total station is a typical surveying instrument that integrates the functions of
ranging and angle measuring. Taking the prism as the target, the total station can also be
used for positioning. The principle is shown in Figure 2. First, set up the total station at
the station point with known coordinates (xy, Yo, 29), then, aiming at the prism, the slope
distance S, vertical angle &, and horizontal angle B can be obtained. The coordinates of the
prism (x1,y1,21) can be calculated as follows:

X1 = Xo + Ssinacos
Y1 = Yo + Ssinasin B 1)
z1 = z9 + hy + Scosa — Iy

where hy is the instrument height; /1 is the prism height.

A variety of sensors have been integrated into the total station, which makes it more
automated and intelligent. Two of these integrations are particularly important: one is
the image sensor, and the other is the servo motor. The image sensor is used to realize
automatic target recognition (ATR), and the servo motor can drive the total station to rotate
automatically. Based on the above functions, the total station can automatically lock and
track the target to achieve real-time positioning with a range of up to 1000 m, taking the
Leica TS60 total station as an example.
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Figure 2. The principle of total station positioning.

When the total station performs positioning and tracking, its measurement accuracy
can reach the millimeter level, and it has the advantages of low manual intervention and
strong terrain adaptability. The main disadvantage is that the total station must be in line
of sight with the target. If it encounters obstacles, it will lose track of the target.

2.3. Real-Time Positioning for UAV

When the UAV is used in structural health monitoring, it usually needs to fly around
the structures for full inspection, and the location of the UAV during the flight is essential.
On the one hand, it helps us determine the location of defects to later revisit and maintain.
On the other hand, possible collision events can be avoided, as the UAV has to fly close
to the structure. UAVs are most often located with the GNSS. For complex structures, this
method may not work when the UAV flies to GNSS-denied areas, such as the space under
bridges. If the total station is used for UAV positioning alone, the UAV may also fly out of
the field view of it. In this regard, we propose a real-time positioning method for UAVs
combining GNSS and the total station. As shown in Figure 3, when the UAV is not in
the line of sight of the total station, for instance, above the bridge deck, the GNSS is used
for positioning, and the coordinates obtained are transmitted to the total station for blind
tracking. When the UAV flies to GNSS-denied areas and appears in the field view of the
total station, for example, under the bridge, the blind tracking mode of the total station
is shifted to direct tracking and the coordinates of the UAV can be obtained with it. As
different coordinate systems are used by the GNSS and the total station, it is necessary to
conduct coordinates conversion with common points first. The flowchart of the proposed
method can be seen in Figure 4.

2.3.1. Conversion between Different Coordinate Systems

In order to achieve the positioning goal, at least two common points on the ground are
required for coordinates conversion. The selected common points must be in an open field
of view, which ensures the line of sight between the common points and that the GNSS
receiver can receive enough satellite signals.

Then, use the GNSS receiver to obtain the precise coordinates (Bj;, Li1, Hn),i = 1,2,...,n
of the common points in the WGS-84 coordinate system.

Finally, use the total station and prism to construct the precise coordinates (Xj», Yi», Zi»),
i=1,2,...,n of the common points in the total station coordinate system.



Drones 2023, 7,212

50f16

& & &
f, Satellites f f ) f '&

Data transmission line N
( Prism

1,_‘,:\. - C

Robotic total station \ UAV operating handle
l \
-
¥

8

(201

~y
==

\

-

Y

Figure 3. The schematic of real-time positioning for UAVs with RTK and total station.
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Figure 4. The flowchart of the proposed method.

Without considering the height information, the coordinates of the common points
(Bj1, Li1) measured by the GNSS receiver can be converted into the Gaussian coordinates
(Xi1, Yi) through Gaussian projection. Set the Gaussian coordinates as coordinate system 1
and the coordinates of the total station as coordinate system 2, and Equations (2) and (3)

can be constructed through the common points:
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Xip = Xj1c080 + Yjisinf +a 2)
YiZ = YilCOS 0— Xilsil’le +b (3)

Write Equations (2) and (3) in matrix form:

[ X127 [ X11 Y 1 0 7
Y12 Yn —Xnn 01
X2 X1 Yo 1 0 cos 0
Yo | = |Y —X»n 0 1 512 0 @)
: : b
X2 X Y 10
_YnZ . L Ynl _an 01

where g, b are translation parameters; 6 is rotation angle. These parameters can be calculated
by least squares.

For the height conversion parameter, the height difference between the two coordinate
systems is generally a fixed value within a small area. The height difference in common
point AH;,i =1,2,3 .- nis obtained by subtracting from the height H;; under coordinate
system 1 and the height Z;; under coordinate system 2. Take the average value of the
height difference in each common point as the final height conversion parameter with
Equation (5).

AH = (Hy —Z12) + (Hay — Zop) + -+ + (Hy1 — Zy2)
n

®)
where i is the common point label, # is the number of common points.

2.3.2. System Requirements

It is necessary to integrate a GNSS receiver with RTK positioning function for the
UAV. A 360° prism needs to be installed at the bottom of the UAV, making it possible to be
tracked by the total station from different directions. In addition, in order to transmit the
GNSS coordinates of the UAV to the total station in real-time for coordinate conversion,
it is necessary to establish a data communication link between the UAV and the total
station. Generally speaking, there is a wireless data transmission link between the UAV
and the controller on the ground, which can transmit the GNSS coordinate of the UAV to
the controller. Then it is only necessary to establish a connection between the controller and
the total station. Commonly used methods include wireless communication, such as by
adding modules such as Bluetooth and Wi-Fi, and the UAV controller can also be connected
with the total station through a cable.

2.3.3. Blind Tracking

When the UAV flies to the bridge deck and is blocked by the bridge deck during bridge
inspection, as shown in Figure 3, RTK is used for real-time positioning, and the GNSS
coordinates of the UAV are transmitted to the total station through the data communication
link. Then the total station calculates the coordinates in its own coordinate system according
to the conversion parameters obtained in Section 3.1.

Set the coordinates of the total station as (x12, y12, z12), and set the coordinates of GNSS
receiver on the UAV in the total station coordinate system after conversion as (X2, Y22,222).
Since the total station tracks the 360° prism, it is necessary to obtain the coordinates
(x32,Y32,2z32) of the 360° prism according to the geometry relationship between the GNSS
receiver and the 360° prism as shown in Figure 5.

Based on the coordinates of the total station and the 360° prism, the horizontal angle 3
and the vertical angle «, at which the total station should be adjusted, can be calculated
according to Equations (7) and (8), so that it can track the 360° prism blindly. When



Drones 2023, 7,212

7 of 16

calculating the horizontal angle 8, a constant ¢ should be added to the result of the atan
function according to the quadrant of the UAV. The problem of discontinuities induced by
the inversion of the functions needs to be considered.

S= \/(x32 —x12)* + (y32 — x12)° + (232 — x12)° (6)
Y32 — Y12

= arctan =———— +¢ 7

p X32 — X12 @

& = arcsin @ (8)

Through the calculated horizontal angle § and the vertical angle «, the telescope of
the total station is adjusted to perform real-time blind tracking of the UAV. When the UAV
appears in the field of view of the total station, it can immediately lock onto the 360° prism
to obtain the coordinates of the UAV if it cannot receive enough GNSS satellite signals.

7 ’ (*22, Y22, 222)
GNSS receiver

¥

{ 9™
[

Az

360° prism / ¥

X32, Y32, 232)

(o) Ay

Figure 5. Geometry relationship between the GNSS receiver and the 360° prism.

2.3.4. Direct Tracking

In the area where the UAV can be seen by the total station, as shown in Figure 3, the
blind tracking mode of the total station is shifted to direct tracking, which means the total
station tracks the 360° prism carried by the UAV directly in order to obtain the coordinates
of the UAV in the total station coordinate system.

The identification, positioning, and tracking of the prism by the total station are mainly
achieved by combination of rough search and precise positioning. For the rough search, the
total station is rotated about the vertical axis until the light sensitive element with the large
aperture in the vertical direction detects the laser beam that is reflected by the prism. After
the coarse horizontal angle towards the prism is determined, the vertical angle is altered
until the telescope also roughly points towards the prism in the vertical direction. Then the
ATR function is activated, and the telescope moves in a spiral manner until the fine aiming
module can accurately aim at the center of the prism. The lock function based on the ATR
is further performed to track the prism.

2.3.5. UAV Positioning Mode
(a) Alternate positioning
For example, when the UAV flies below the bridge deck, it cannot be positioned in

real-time through GNSS due to the block of the bridge deck. It can be tracked by the total
station. When the UAV flies above the bridge deck, it cannot be tracked by the total station,
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as it is not within the line of sight of the total station, but at this time the GNSS receiver can
receive enough signals to achieve positioning of the UAV.

(b) Optimal positioning

When the UAV can be positioned both by the total station and the GNSS receiver, the
coordinates obtained by the total station are the final coordinates, because the accuracy of
the total station is higher than that of the GNSS receiver.

(¢) Post-positioning

In some occasional cases, neither the total station nor the GNSS can be used to obtain
the coordinates of the UAV. At this time, post-fitting can be used to obtain the coor-
dinates of the UAV when it collects structural health monitoring data, such as photos
containing defects.

For example, the last coordinates of the UAV obtained by the total station or the GNSS
at time Tj are (x1,y1,21) and the coordinates of the UAV obtained by the total station or the
GNSS at time T; are (X2, Y2, z2). During the time period of AT = T, — Tj, the UAV cannot
be located by the total station and the GNSS, and the coordinates of the UAV in this period
can be obtained by least squares fitting.

3. Results and Discussions
3.1. Experimental Equipment

In order to verify the feasibility and accuracy of the proposed method, a series of
experiments were carried out. The experiment equipment included a Leica TS60 total
station and a DJI Phantom 4 RTK UAV. As shown in Figure 6a, the TS60 is a self-learning
total station that can automatically track the prism at a long distance and obtain high-
precision coordinates. As shown in Figure 6b, the DJI Phantom 4 RTK UAV was equipped
with a GNSS receiver, enabling it to reach the positioning accuracy of centimeter level with
the help of RTK positioning. The detailed parameters of the total station and the UAV are
shown in Table 1. In order for the total station to track the UAV, a mini 360° prism was
attached to the UAV.

(b)
Figure 6. Experiment equipment (a) Leica TS60 total station (b) DJI Phantom 4 RTK.

3.2. Positioning Performance Test

First the positioning performance of the total station and the RTK were tested, and an
open field was chosen to carry out the experiment. The UAV flew to a height of 20 m and
hovered for one minute, then flew for one minute in the vertical plane, and finally flew in
the horizontal plane for one minute. The total station tracked the mini 360° prism installed
on the UAV to obtain its coordinates at an interval of 0.5 s. The RTK function of the UAV
was turned on to obtain its GNSS coordinates at an interval of 2 s. The deviations of the
coordinates in each direction under different fight states for the two positioning methods
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are shown in Table 2. It can be seen that the deviations of the coordinates in different
situations are within 0.1 m. Considering the jitter of the UAV in different flight states, the
positioning performance of the total station and RTK were verified.

Table 1. Parameters of the total station and the UAV.

Robotic Total Station

Model TS60
Angle measurement accuracy Hz,V 0.5"”
Ranging accuracy single/continuous 0.6 mm + 1 ppm/3 mm + 1.5 ppm
Lock and tracking range 360° Prism (GRZ4, GRZ122) 1000 m
UAV
Model DJI Phantom 4RTK
Frequency Used:
GPS: L1/L2; GLONASS: L1/L2; BeiDou: B1/B2; Galileo*: E1/E5
Positioning features First-Fixed Time: <50 s

Positioning Accuracy: Vertical 1.5 cm + 1 ppm (RMS);Horizontal 1 cm + 1 ppm (RMS).
Velocity Accuracy: 0.03 m/s

Table 2. Deviations of the coordinates in different situations.

Positioning Method The Total Station GNSS Receiver
UAV Status x (m) y (m) z (m) x (m) y (m) z (m)
Hovering 0.053 0.040 0.023 0.077 0.033 0.03
Vertical flight 0.061 0.053 0.067 0.056
Horizontal flight 0.035 0.04

3.3. Accuracy Analysis of the Coordinates Conversion

The positioning accuracy of total station is at a millimeter level, but the positioning
accuracy of GNSS RIK is only at a centimeter level. Errors can be introduced when
coordinate conversion is performed with common points. In order to analyze the influence
of the above errors on real-time positioning, an accuracy test was carried out using different
numbers of common points. As shown in Figure 7, five common points in an area with
175 m x 150 m were selected on the campus. The coordinates of them were measured
with the total station and the GNSS receiver, and they were marked on Figure 6, where
orange represented the coordinates measured by the total station, and yellow represented
the coordinates measured by the GNSS receiver after Gaussian projection transformation.
After synchronizing the total station and the UAYV, the total station was set up at point 1,
and the UAV flew freely above the area. The total station tracked the mini 360° prism
installed on the UAV to obtain its coordinates at an interval of 2 s. At the same time, the
GNSS receiver of the UAV obtained its coordinates at an interval of 2 s.

When comparing the coordinates after conversion, it only makes sense when the
coordinates in the two coordinate systems were obtained at the same time, as the UAV
was not static. The GNSS receiver can obtain the coordinates strictly with a 2 s interval,
but the coordinates obtained by the total station could not be at a precise interval of 2 s
due to the tracking mechanism. Therefore, it is necessary to align the timestamps of the
coordinates acquired through the total station and GNSS receiver through interpolation
before the coordinates conversion can be performed.

At least two common points are required for coordinates conversion, and then multiple
sets of conversion parameters can be calculated based on the number of common points
selected in our test. Taking the conversion parameters calculated with five common points
as an example, all the coordinates acquired with the GNSS receiver were converted into
the coordinate system of the total station. The differences in each axis of the coordinates
obtained with the two methods at the same moment are treated as the conversion accuracy,
and are shown in Figure 8.
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Error value (m)

Error value (m)

Coordinate difference in Z direction

S

(3373,343.881 528,950.389 7.500) 5*

(3373,820.332 528,874.749 8.300)

(3373,787.557 528,927.865 8.440)

R 3

(3373,735.937 528,887.283 9.100)

Figure 7. Accuracy test of the coordinates conversion.
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Figure 8. Coordinates conversion accuracy with 5 common points.

It can be seen from Figure 7 that, when using 5 common points for coordinates
conversion, there is no obvious correlation between the coordinate difference and the
distance between the UAV and the total station, and the largest coordinate difference is
about 0.5 m. Further, after all combinations are used for conversion, all the UAV coordinates
measured by the GNSS receiver are converted into the coordinate system of the total station,
and then compared with the UAV coordinates obtained by the total station at the same time.
According to different combination forms, the maximum value of the coordinate difference
in each combination is shown in Table 3.

It can be seen from the table that no matter how many common points are selected for
coordinate conversion, most of the coordinate differences in X and Y directions are around
0.5 m, and their standard deviations are also relatively consistent. It can be concluded that
the number of common points has little effect on the conversion accuracy. When using this
method to position the UAV, due to the limitations of the surrounding environment of the
structure, it is sometimes difficult to find enough common points that are in line of sight;
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based on the above experimental conclusion, only two common points are enough to meet
the positioning accuracy requirement. At the same time, selecting two common points can
also reduce the workload.

Table 3. Maximum coordinate difference for each combination.

Groups Points Max-X Max-Y Max-Z Max-P SD-X SD-Y SD-Z SD-P
Combination (m) (m) (m) (m) (m) (m) (m) (m)

5 common points 12345 0.467 0.507 0.261 0.515 0.058 0.087 0.027 0.082

1234 0.454 0.516 0.261 0.523 0.058 0.087 0.027 0.083

1235 0.490 0.511 0.261 0.527 0.060 0.086 0.027 0.080

4 common points 1245 0.464 0.491 0.261 0.498 0.058 0.086 0.027 0.081

1345 0.458 0.504 0.261 0.512 0.059 0.086 0.027 0.081

2345 0.472 0.523 0.261 0.531 0.057 0.089 0.027 0.085

123 0.484 0.524 0.261 0.533 0.060 0.087 0.027 0.081

124 0.439 0.496 0.261 0.503 0.061 0.086 0.027 0.082

125 0.498 0.489 0.261 0.528 0.060 0.085 0.027 0.079

135 0.489 0.504 0.261 0.524 0.060 0.085 0.027 0.079

3 common points 134 0.438 0.515 0.261 0.521 0.061 0.087 0.027 0.083

145 0.435 0.485 0.261 0.492 0.061 0.084 0.027 0.080

234 0.453 0.546 0.261 0.553 0.059 0.092 0.027 0.089

235 0.498 0.517 0.261 0.537 0.061 0.086 0.027 0.080

245 0.469 0.502 0.261 0.510 0.058 0.089 0.027 0.084

345 0.482 0.544 0.261 0.552 0.058 0.092 0.027 0.088

12 0.480 0.503 0.261 0.515 0.059 0.086 0.027 0.080

13 0.482 0.520 0.261 0.529 0.060 0.087 0.027 0.081

14 0.365 0.492 0.261 0.503 0.066 0.083 0.027 0.080

15 0.524 0.467 0.261 0.546 0.063 0.083 0.027 0.078

2 common points 23 0.498 0.538 0.261 0.549 0.061 0.088 0.027 0.082

24 0.431 0.517 0.261 0.523 0.061 0.091 0.027 0.087

25 0.503 0.497 0.261 0.535 0.060 0.085 0.027 0.079

34 0.503 0.741 0.261 0.745 0.070 0.114 0.027 0.110

35 0.493 0.492 0.261 0.524 0.086 0.097 0.029 0.079

45 0.472 0.514 0.261 0.522 0.058 0.091 0.027 0.086

The ability of the total station to track the prism depends on the magnitude of the
converted coordinate difference. When the difference is less than the range of field view of
the total station telescope, the automatic target recognition function of the total station can
track the prism for positioning, and vice versa, and the UAV cannot be found. As shown in
Figure 9, the range of the field view R is calculated with Equation (9):

F
RzZXSXtan% )

where S is the distance from the total station to the UAV; FOYV is the field view of the total
station telescope.

Taking the five-point combination as an example, the maximum coordinates difference
after conversion is 0.515 m. Using the coordinates of UAV of that point in total station
system converted from the GNSS receiver, the distance between the total station and the
UAV can be calculated as S = 89.706m. In our experiment, the Leica TS60 total station
was used with a telescope field of view FOV = 1.5°. Based on Equation (9) the range of
the field view can be calculated as R = 2.349 m, which is much larger than the maximum
coordinates difference 0.515 m. Therefore, the real-time poisoning of the UAV with total
station can be guaranteed.

3.4. Field Test

In order to verify the feasibility of the proposed method, a building which an UAV
can fly both above and below on campus was chosen to conduct the field test. First, two
common points, TS01 and TS02, around the building were selected. Then the coordinates
in the coordinate system of the total station and the GNSS receiver were obtained. Finally,
the conversion parameters were calculated following Equations (2), (3), and (5), and are
shown in Table 4.
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Figure 9. The range of the field view of the total station telescope.
Table 4. Conversion parameters.
GNSS Receiver Coordinates Total Station Coordinates
x (m) y (m) z (m) x (m) y (m) z (m)
TS01 3,373,382.54 529,031.0448 8.55 1000 1000 100
TS02 3,373,393.436 529,102.4147 7.63 1021.309 1068.933 99.21636

Conversion parameters
a = —3,413,523.545(m)
b = —23,750.453(m)
6 = 8°29/51"

AH = 91.518(m)

The conversion parameters were typed into the total station, and the total station and
the UAV were synchronized. The automatic tracking mode was set for the total station, and
the coordinates were stored every two seconds. At the same time, the coordinates obtained
from the GNSS receiver on the UAV were acquired at an interval of two seconds.

As shown in Figure 10, the UAV was controlled to fly along the vertical plane of the
building. When the UAV was above the building, the UAV was not in sight of the total
station due to the shelter of the building itself. At this time, the GNSS receiver could
provide the position information, which could be transmitted to the total station through
wireless communication. Combined with the conversion parameters, the coordinates of the
UAV in the total station coordinate system could be calculated. The total station was driven
to track the UAV blindly with calculated coordinates. When the UAV was around the
building and appeared in the field view of the total station, the UAV coordinates obtained
with the GNSS receiver were (3373419.937, 5290606.193, 31.81); the conversion parameters
were used to calculate the coordinates of the UAV in the total station coordinate system as
(1041.286,1023.279,123.328); and the ATR function of the total station was activated to track
the UAV directly. In this area, the position of the UAV could be obtained through both the
GNSS receiver and the total station. When the UAV was below the building, the GNSS
receiver could not provide location information because the satellite signal was blocked.
The UAV could only be tracked by the total station. The coordinates of the UAV in different
coordinate systems during the flight are shown in Table 5 and Figure 11; the red points
indicate the coordinates of the UAV in the coordinate system of the total station converted
from the coordinates obtained with the GNSS receiver, and the blue points represent the
UAV positions obtained with the total station directly. When the UAV can be positioned by
both methods, the maximum coordinate difference between them is 0.975 m. The range of
the field view of the total station can be calculated as R = 1.309 m according to Equation
(9), which was larger than 0.975 m and further verified that the total station can lock the
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UAV based on the coordinates provided by the GNSS receiver. The field test shows that, in
a sheltered environment, the proposed method can achieve real-time positioning for UAVs.

(b)

(0) (d)

Figure 10. Schematic diagram of the field test. (a) Total station measurement site. (b) Above the
building. (c¢) Around building. (d) Below the building.

“en . @ GNSS receiver

S @ Robotic total
o station

Figure 11. The coordinates of the UAV with different positioning methods
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Table 5. The coordinates of the UAV during the field test.

GNSS Receiver Total Station C(fordmate
Difference
X (m) Y (m) Z (m) X (m) Y (m) Z (m) (m)
1041.000 1023.600 124.000
1040.346 1024.623 124.000
1040.000 1025.635 124.100
1039.223 1026.352 124.100
Above the 1038.457 1027.784 124.000
building 1037.956 1028.458 124.000
1037.105 1029.575 123.900
1038.144 1030.144 124.000
1038.630 1030.624 124.000
1038.953 1031.463 124.100
1039.431 1031.997 124.000
1041.286 1023.279 123.328 1041.205 1023.266 123.190 0.160
1041.311 1023.300 123.308 1041.073 1023.275 123.164 0.279
1041.159 1023.319 123.288 1041.015 1023.294 123.176 0.184
1041.126 1023.329 123.318 1040.994 1023.301 123.196 0.182
1041.113 1023.335 123.328 1041.028 1023.325 123.203 0.152
1041.164 1023.367 123.328 1041.028 1023.365 123.183 0.199
1041.139 1023.410 123.298 1041.011 1023.373 123.175 0.182
1041.112 1023.404 123.308 1041.043 1023.322 123.123 0.214
1041.187 1023.327 123.238 1041.064 1023.251 122.737 0.522
1041.171 1023.263 122.698 1041.081 1023.208 122.013 0.693
1041.201 1023.243 121.868 1041.101 1023.181 121.138 0.740
1041.217 1023.238 120.968 1041.066 1023.151 120.144 0.842
1041.146 1023.203 119.928 1041.042 1023.147 119.086 0.851
Around the 1041.139 1023.240 118.898 1041.067 1023.179 117.916 0.986
building 1041.142 1023.278 117.658 1041.061 1023.208 116.695 0.969
1041.124 1023.298 116.288 1041.038 1023.205 115.321 0.975
1041.127 1023.261 114.788 1041.033 1023.203 113.843 0.951
1041.172 1023.248 113.548 1040.992 1023.273 112.861 0.711
1041.093 1023.251 112.648 1040.955 1023.238 112.462 0.232
1041.051 1023.100 112.568 1041.252 1023.188 112.480 0.237
1041.743 1023.233 112.598 1042.270 1023.525 112.446 0.622
1042.242 1023.437 112.548 1043.033 1023.900 112.478 0.918
1043.177 1023.877 112.598 1043.850 1024.302 112.502 0.803
1044.412 1024.401 112.598 1044.831 1024.795 112.490 0.585
1045.187 1024.911 112.568 1045.456 1025.148 112.456 0.375
1045.939 1025.142 112.568 1046.395 1025.344 112.469 0.509
1046.846 1025.335 112.598 1047.141 1025.457 112.490 0.337
1047.455 1025.534 112.588 1047.753 1025.908 112.471 0.493
1048.108 1026.129 112.558 1048.241 1026.466 112.483 0.370
1048.599 1026.849 112.524
1049.693 1027.621 112.508
1050.705 1028.366 112.477
Below the 1051.387 1028.788 112.491
building 1052.364 1029.367 112.504
1053.453 1029.985 112.478
1054.251 1030.423 112.644
1055.375 1031.104 112.843
1056.943 1032.099 112.971

4. Conclusions

It is important to obtain the position of the UAV when it is used for structural health
monitoring, but sometimes the UAV cannot receive the GNSS signals due to the blockage of
structures. This paper proposes a real-time positioning method combining the GNSS and
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the total station. First of all, the conversion parameters of the total station and the GNSS
coordinate systems are obtained. When the line of sight between the UAV and the total
station is blocked, the position of the UAV is obtained through the GNSS and transmitted
to the total station. The total station can blindly track the UAV after the coordinates
conversion. When the UAV appears in the field view of the total station, the total station
can lock onto the UAV and acquire its position information. According to the experiments,
the number of common points has little influence on the accuracy of coordinate conversion.
The maximum difference in coordinates is 0.515 m when using five common points for
conversion, which ensures that the total station can lock onto the UAV, as it is much less
than the range of the field view of 2.349 m. The field test verifies that the UAV can achieve
real-time positioning when flying at different positions of the building. Therefore, the
proposed method is expected to be used in situations where GNSS cannot be fully relied
on to obtain the position of the UAV for structural health monitoring. Compared with
similar methods in [28,29], where only the GNSS-denied environment is considered, the
advantage of the proposed method is that the situation when the UAYV is not in the field
view of the total station is taken into consideration. Moreover, the proposed method can
achieve millimeter-level positioning accuracy, which is better than methods based on Wi-Fi
or ultrasonic. However, our method also has certain limitations. It is more applicable to
locate the UAV during structural health monitoring for high-rise buildings and bridges. For
areas with dense buildings and severe occlusion, multiple total stations may be required
to obtain the location of the UAV, which increases the cost. At the same time, we only
conducted experiments to verify our ideas, and integrating the positioning system to the
UAV platform and realizing autonomous flight during structural health monitoring will be
our future research work.
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