'.) Check for updates

International Journal of Advanced Robotic Systems

ARTICLE

A Multi-rotor System for the
Collection and Analysis of
Measurements to Evaluate and
Spatially Demonstrate the

Pollutants in the Air

Regular Paper

Andras Molnar'*

1 Obuda University, Budapest, Hungary
*Corresponding author(s) E-mail: molnar.andras@nik.uni-obuda.hu

Received 13 November 2013; Accepted 14 August 2014

DOI: 10.5772/61229

© 2015 Author(s). Licensee InTech. This is an open access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the

original work is properly cited.

Abstract

One of the most outstanding problems of our technical age
is the heavy aerial pollution. There are several well-known
methods [6, 10-15] that exist for large-area pollution
detection, but the measurement of the exact rate of pollu-
tion in smaller areas (e.g., industrial zones or disaster-
affected areas of a few square kilometres), as well as the
numerical expression of changes therein, remain an
unsolved problem.

The main feature of the developed device is that it can
provide exact measurements for a small area at low
altitudes (under 500m AGL (Above Ground Level)), and it
isalso capable of periodical measurements between 0.0001—
10 Hz. With the data analysis provided by the system, we
can obtain immediate information about the pollution of
the given area, as well as changes in pollution levels over
time.
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1. Introduction

The system (which consists of a carrier device, an on-board
high-intelligence measurement system and a software
program that is used to analyse the data) is capable of
recording air parameters like humidity, temperature, dust,
radiation, chemical pollution, etc., with exact geographical
precision. During the processing of the measured data, the
ground software obtains a 3D map that effectively illus-
trates the distribution of the pollution and, after multiple
measurements, the spread direction and velocity of the
pollution as well.

The 3D data collection and processing system consists of
the following main components:

* A multi-rotor carrier that provides sufficient mobility to
the device: There can be an arbitrary number of rotors on
the multi-rotor carrier; the main consideration during
the selection of the most suitable device is reliability. In
theory, two rotors would be sufficient, but for higher
reliability, a device with eight rotors is the most suitable.
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* On-board electronics and software to stabilize the flight
and help achieve autonomous flight: The task of this
component is to provide such functionality that the
aerial vehicle can navigate itself along a previously
planned and pre-programmed path. It is imperative that
the on-board electronics is equipped with a reliable and
fast global positioning unit, with at least a 5Hz position
update rate (the most well-known system for this is the
GPS, but the European GLONASS system could be
usable as well). The accuracy of the system can be
improved if the global positioning unit uses more than
one system simultaneously (currently, both the GPS and
the GLONASS systems are used). In this case, the
determined geographical position is more accurate and,
as a result, the 3D pollution map will be more accurate
as well. To achieve the task at hand, autonomous
navigation is essential: on the one hand, the measure-
ment area would be very limited with manual control
(only visible areas could be measured), and on the other
hand, only the automatic navigation can provide
accurate altitude control. Only in this way can the
measurements of the different altitude layers be accurate
enough. It could be possible to achieve manually the
accurate measurement of a desired altitude with a
remote control, using directly obtained telemetric data,
but this assumes that there is a continuous bi-directional
radio connection between the vehicle and the software
in the ground station. Practical tests have shown that
telemetric connections can become very unreliable, due
to external disturbance factors (for example, unfavoura-
ble RF signal propagation environments or RF interfer-
ence). Using a good-quality flight stabilization and
navigation unit (flight controller), the measurement
procedure can be completed even without constant radio
connection during the full flight.

* An intelligent measurement module that contains the
detectors for air pollutants among other aerial particles
and radiations: This should contain a microcontroller
that pre-processes the measured data and stores them in
a solid-state disc. This unit is connected to a radio
modem, which is responsible for the real-time transfer of
collected data. The AGL altitude (calculated from
barometric pressure), speed over ground and position
(provided by the global positioning unit) are directly
transferred from the flight controller unit to the meas-
urement module. These data are then merged with the
measurement values detected by the sensors using a
method described fully in Chapter 3. Currently, the
module can measure the following air pollutants and
components:

o Oxygen (O,)

o Ozone (O3)

o Carbon dioxide (CO,)

o Carbon monoxide (CO)
o Nitrogen dioxide (NO,)
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o Nitrogen monoxide (NO)
o Temperature

o Humidity

o PM10 particle count

o Gamma radiation

o UVA radiation

o UVB radiation

The measurement module is capable of handling an
additional 10 sensors. By replacing the gas detector
modules, the detection of other particles could be
performed as well. This high level of freedom guar-
antees a wide range of possible uses for the device.

* The ground control software, responsible for the flight
plan creation and management: This module should also
check and verify the flight parameters during the flight.
The ground station can be an arbitrary personal com-
puter but, due to the typical environment of usage, it is
more feasible to use a portable computer (laptop,
notebook, or tablet) or a smart phone (currently Android
or i0S) device. For practical application, it is advised that
the computer should have an offline map database; there
is usually no internet connection available at the location
of the flight, so online map providers like Google or Bing
maps cannot be used.

e A ground modem with directional high-gain antenna
that is directly connected to the ground control station:
This unit is responsible for the real-time wireless
communication between the aerial and ground units.

 Dataanalysis and visualization software that can process
and display the data received from the aerial unit: This
module informs the user about the concentration and
spatial distribution of air pollutants. Data can be dis-
played using either a traditional 2D or an advanced 3D
interface. The advantage of the 2D interface is that it
provides quantitative data that are easy to interpret
according to the expectations of an engineer. The
advantage of the 3D model is that it can provide a more
general view; in this way, it is more suited to human
thought mechanisms and thus helps facilitate the
decision-making process.

The multi-rotor carrier is equipped with the measurement
module in such a way that the sensors of the module can
measure pollution directly, without any mechanical
obstacles or barriers. The measurement module is placed
below the plane of the rotors, so that the high-intensity
airflow increases the amount of air that flows through the
detectors. The electronics of the measurement module are
connected directly to the flight controller. The module
receives the air pressure, air and ground speed, GPS data
and inertial measurements. The flight controller is also
responsible for autonomous flight; this allows the device to
be launched from a safe distance, in order to perform
measurements in areas that could be hazardous or danger-
ous to humans.



2. Practical Implementation of a Measurement

Using the device, it is possible to perform a complex spatial
examination of an area in a quick and efficient manner.
Near to the supposed contaminated area, an ad-hoc ground
station should be established that consists of the previously
described parts. Using the ground control software, a flight
path should be planned and the following aspects taken
into consideration during the planning process:

* From the launch point to the bounds of the measurement
area, the flight speed should be optimal for the aerial
vehicle (travel speed).

* In the measurement area, the path should cover the
pollution measurement area uniformly.

* The flight speed over the polluted area must be set to
match the reaction time of the sensors. This speed is
characteristically a lot smaller than the approach speed.

* After making a sweep of the area, the device should
return to the launch point, once again travelling at the
most optimal speed for the aerial vehicle.

* For safety purposes, the total time of the flight must be
lower than the maximum flight time permitted for the
device.

e If the given area cannot be fully covered in one flight, the
measurement must be completed using multiple flights.
When conducting multiple measurements this way, the
order of the individual flights must be kept the same
during the mission and the analysis.

3. Theoretical Processing of the Measurements

For the processing of the measurement data, we assume
that during each flight (around 15 minutes) there is no
significant change in the spatial distribution of the pollu-
tants. We also assume that changes in the spatial distribu-
tion of the pollutants over time can be modelled using
repeated measurements after a given unit of time (30
minutes, 60 minutes, etc.).

During the flight, the on-board device uses the available
values to create a dataset with the following structure (1):

{3D coordinates(x,y,z),
)

timestamp, measurement data(l. ..n)}

When processing the data, a timestamp can be used to
separate the individual flights (the repeated measure-
ments); thus, the first measurement is numbered as No. 1,
the second as No. 2, and the M™ measurement as No. M.
After this conversion, the following dataset is created (2):

(3D coordinates(x,y,z),
(2)

ID of measurement(l...m),measurement data(l...n)}

By displaying the series from 1 to M, we can show the
changes in the spread of the pollutants over time.
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4. Aspects of Planning the Flight Profile

The measurements can only be performed with accurate
results if the appropriate retention time (t,) has been used
for the sensor. Typically electrochemical sensors have high
retention time values; however, their size and mass are
comparatively small, so they are ideal for small aerial
vehicles. If there is not enough time to accommodate the
full retention period, there are various extrapolation
techniques to deduce the actual concentration of the
pollutant. The principle is as follows:

The characteristic settling curve of the current sensor is
known (the relationship between the current waiting time
and the measured value), which is usually a non-linear
correlation. Unfortunately, this correlation also depends on
the measured concentration; however, for practical appli-
cations, the manufacturers usually provide one character-
istic curve that describes the sensor reasonably well.

Type  Particle Method of Range of Resolution
of sensor measurement  measurement
Electrochemical gas
NO/C-25  NO 0-25 ppm 0.15 ppm
sensor
Electrochemical gas
NO2/C-20 NO, 0-20 ppm 0.1 ppm
sensor
CoO/ Electrochemical gas
CO 0-200 ppm 0.1 ppm
CFA-200 sensor
Electrochemical gas
03/C-5 O, 0-5 ppm 0.02 ppm
sensor
Electrochemical gas
KE-25 O, 0-100% 1%
sensor
Semiconductor- +20%,
tgs4161 CO, 350-10,000 ppm
based sensor 1000 ppm

Table 1. Parameters of the sensors on the sensor panel (Part 1)

The characteristic curve of the oxygen sensor that is being
used in the experimental device is a good example for all
the applied sensors, since the curve can be closely approxi-
mated using (3):

Type Retention time Range of operation
of sensor
NO/C-25 T90:<25sec -20-45°C RH:15-90% 90-110KPa
NO2/C-20 T90:<60sec -20-45°C RH:15-90% 90-110KPa
CO/CFA-200 T90:<40sec -20-40°C RH:15-90% 90-110KPa
03/C-5 T80:<60sec -20-45°C RH:15-90% 90-110KPa
KE-25 T90:<14sec 5-40°C RH:10-90% 80-120KPa
tgs4161 T90:<1.5min -10-50°C RH:5-95%

Table 2. Parameters of the sensors on the sensor panel (Part 2)
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Characteristic curve of the O, sensor
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Figure 1. The characteristic settling curve of the O, sensor
Table 5. The required length of flight and retention times of some typical
sensors at various carrier speeds (Part 3)
X
)= 1+xze"" e )
1 Retention time of the O, sensor [sec]
60 42
where
Speed [m/s] Length of flight [m] 100% Length of flight [m] 70%
x,: 0.9552;
20 500 350
x;: 3249 ; and 10 250 175
c: 0.008519. > 125 87.5
) ) ) ) 2 50 35
The retention time of this sensor is 14 sec. Tables 3-8
demonstrate the minimum diameter of the area required to ! » 17.5
measure the O, concentration, supposing that the concen- 0.5 12.5 8.75

tration is constant within this area and the speed of the

aerial vehicle is also known.

Table 6. The required length of flight and retention times of some typical
sensors at various carrier speeds (Part 4)

Retention time of the NO sensor [sec] Retention time of the O, sensor [sec]
25 17.5 14 9.8
Speed [m/s] Length of flight [m] 100% Length of flight [m] 70% Speed [m/s] Length of flight [m] 100% Length of flight [m] 70%

20 500 350 20 1200 840
10 250 175 10 600 420
5 125 87,5 5 300 210

2 50 35 2 120 84

1 25 17.5 1 60 42

0.5 12.5 8.75 0.5 30 21

Table 3. The required length of flight and retention times of some typical Table 7. The required length of flight and retention times of some typical

sensors at various carrier speeds (Part 1)

sensors at various carrier speeds (Part 5)

Retention time of the NO, sensor [sec] Retention time of the CO, sensor [sec]
60 42 90 63
Speed [m/s]  Length of flight [m] 100% Length of flight [m] 70% Speed [m/s]  Length of flight [m] 100% Length of flight [m] 70%

20 1200 840 20 800 560
10 600 420 10 400 280
5 300 210 5 200 140

2 120 84 2 80 56

1 60 42 1 40 28

0.5 30 21 0.5 20 14

Table 4. The required length of flight and retention times of some typical Table 8. The required length of flight and retention times of some typical

sensors at various carrier speeds (Part 2)

sensors at various carrier speeds (Part 6)
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The precision of pollution detection and measurement can
be increased using slower vehicle speeds.

By knowing the characteristic curve of a sensor, the real
concentration of a pollutant can be estimated, even if the
measurement time is shorter than the desired retention
time. In this case, the actual concentration y,,,,,, can be

estimated using (4):

yca culate:
ypollumnt = Mf(ts) (4)

y measured

where

Yealeulated - the measured concentration returned by the

sensor during a waiting time of 0.7t,, S0 ¥ ycyatea = f (0.78,) ;

Yimeasured - the actual measured concentration; and

f(x) : the function that approximates the characteristic
curve of the sensor.

When there are large differences between the retention time
and the actual waiting time, the uncertainty of the meas-
urement can yield a reasonably large deviation in the
estimated concentration. Sufficient accuracy can only be
reached if the actual waiting time is positioned where the
rise of the characteristic settling curve is slowing down.
This is generally around 70% of the required retention time.
In accordance with this, the flight speed must be deter-
mined so that the flying device spends at least 70% of the
required retention time in the range of the minimally
expected localization accuracy, which is 6 metres with an
average GPS unit [4, 16, 17, 18, 20].

For example, if the NO concentration has to be determined
with a localization accuracy of +3 metres, using an NO
sensor with a retention time of 25 seconds, then the aerial
vehicle must make the 6-metre distance within 17.5
seconds. This is approximately 0.34 m/sec.

:;; Waypoints

Low-speed
tion

Flight path
A gnt p

Longitude

High-speed section

- B_ase point >
Latitude

Figure 2. Constant speed flight path using slow-settling sensors

The position of the pollution value measured by the sensor
for each measurement point can be calculated using the
measurement time and settling time (5):

POSMesurement = POSActual _P0S0.35ts ®)
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When using even slower sensors, the flight path is best
defined with predefined waiting points and fast transitions
between them. The waiting points are equally spaced. This
way, discrete measurement points can be evaluated and
displayed in the same manner as above. In this case,
measurement correction is not needed.

Flight path
A \

Waiting
waypoints

Longitude

Waypoints
. _Base point >
Latitude

Figure 3. Waiting-time-type flight path using extremely slow-settling
sensors

5. Displaying the Obtained Data

The system is capable of displaying the measured data in
real time using a 2D interface. This display mode makes it
possible to modify the flight plan according to the spread
of the pollutant particles. Since, in most cases, the pollution
is not visible, the path of the initial flight can only be
planned based on assumptions and personal experiences.

The real-time display provides the user with the feedback
required to decide if the pollution is indeed inside the flight
area or not. It is also possible that the pollutant is detected
somewhere within the flight area, but that the concentra-
tion continuously increases towards one edge of the area.
In this case, the path of the next measurement should be
modified so it covers the whole polluted area. If this area is
bigger than the largest area that can be observed in one
flight, it can instead be measured using multiple flights.

The appearance of the 2D display mode is basically a
function displayed in a Cartesian coordinate system. The
two axes represent the geographical coordinate pairs; the
measurements are taken in locations marked by these pairs.
The concentration of the pollutant in a given location is
marked by a coloured circle (disc), the radius “r” of which
is proportional to the concentration of the pollutant. A
single series of measurements represents the concentration
values for the same altitude level, so the aforementioned
diagram is created (layered) an additional time for each of
the different altitude levels being measured during the
flights. Within the various layers, the circles representing
the pollutants form a “cloud” that can effectively be used
to illustrate the polluted area at that specific altitude level.

The changes in the spread of pollutants over time can be
clearly demonstrated by using an animation to display the
consecutive individual measurements performed under
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the same conditions (on the same area, at the same altitude
level). This information can also be used to give reasonably
accurate estimations about the short-term changes in the
size of the threatened area and about the severity of the
situation.

The 3D interface is an extension of the 2D interface. In this
case, the third axis of the coordinate system represents the
altitude. Thus, the 3D display mode is similar to the 2D
display mode, but with one change; to show the scale of the
pollution, instead of circles we now use coloured spheres,

7
T

with their radius proportional to the measured concen-
tration. Using the 3D display mode, it is now possible to
use only one diagram instead of displaying multiple

diagrams to represent multiple layers.

There are some enhancements that can be used with these
display interfaces. For example, we could get rid of the
circles or spheres with their radius “r” proportional to the
measured concentration if we take into consideration the
different models of gas dynamics [19, 21, 22]. By using these
models, we can change the opacity levels of the circles and
the spheres; alternatively, by using various approximation
and interpolation techniques, we can create even more
realistic “clouds”. The 3D cloud-generating method is
alread used on several area of sciences and engineering [23,
24, 25]. Advantages of the 3D technique include good
comprehensibility and the fact that it is more immediately
informative to the viewer. Although these techniques have
a lot higher computational requirements (which could
mean that the real-time display of the measurements might
become impossible), they can still prove useful in many
scenarios. Disaster prevention and damage control rescue
specialists (who are not usually experts in the fields of gas
dynamics and gas diffusion) could use these advanced
display modes to make better subjective judgements. Such
a technique for visualizing invisible pollutants (which
essentially involve making the pollutant visible) could then
be combined with their years of experience, and this would
ensure that the decisions made and further actions taken
would be more appropriate and more efficient.

6. A Possible Field of Use

The presented, patent-pending system could be efficiently
used in cases of the unexpected emission of dangerous
aerial pollution particles, or other environmental pollution
involving dangerous gases or other hazardous vapours,
that can affect a small area.

Since the weight of the measurement device and the ground
station is reasonably small, the system is highly mobile.
Therefore, it would be possible to transport the system
quickly to the vicinity of the unexpected event and start
taking measurements right away. During the measure-
ments, the current pollution level can be immediately
shown, and by using consecutive flights the spread rate of
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the pollution can be established as well. In addition, with
sequential measurements, it is possible to indicate the
activity of the pollutant particle source. If the concentration
levels were seen to be rising, it would then be possible to
make deductions about the increasing activity of the
source, while it would be possible to estimate the depletion
of the source or the success of any attempted solution if the
concentration were seen to be decreasing.

By using multiple sensors simultaneously, it is possible to
point out complex pollution patterns or multiple pollutant
sources in one area. In this way, it is also possible to detect
primary and secondary sources simultaneously (e.g., the
direct leakage of hazardous material and its various
reactions with components of the soil).

7. Advantages over Other Similar Devices

There are a number of other carrier devices that could be
used to measure the concentration of various pollutants in
the air.

By connecting the sensors to appliances that are lighter than
air (balloons), the movements of the system would be
reasonably low. This is good for slow-settling sensors;
however, the usage of the balloons is heavily restricted due
to weather conditions. The most common scenario for
balloons is that they carry the sensors during their constant
ascent until the balloon is destroyed at high altitudes, due
to the expanding gas. This measurement method is usually
used in the field of meteorology and the measured data can
primarily be interpreted in relationship to altitude. How-
ever, this method is not capable of reiterated measurements
of a small area at constant altitudes. There have been
experiments in which a balloon is created so that it will only
rise to a defined altitude; at this point, it will not perish, but
instead drift according to the dominant wind at that
altitude. In this case, the measurements are taken at the
altitude of the drifting. Even though, in this case, it is
possible to interpret the data in relationship to the geo-
graphical coordinate, this method is still not capable of the
precise examination of small areas, because the altitude at
which the drifting occurs cannot be exactly defined
beforehand. Therefore, layered measurements are also not
possible with this method.

Similarly, controlled lighter-than-air devices (airships)
cannot normally be used in the practical environment, as
they are too sensitive to the wind. Other disadvantages of
these devices are that they are usually too large and the gas
required to fill them up is expensive.

When using sensors fitted onto fixed-wing flying devices,
it is possible to cover a reasonably large area, but the
minimum possible speed of these devices is usually too
high and, because of this (and due to the slow sensors), the
accuracy of the measurements cannot be good enough to
locate the emission source precisely, within less than a



couple of square kilometres. There have, however, been a
couple of meteorological experiments involving unman-
ned aerial vehicles (UAVs) [7, 8, 9]. The advantage of these
UAVs is that it is possible to perform the measurements
along previously defined spatial coordinates. Using our
visualization method, this carrier is also capable (to a
limited extent) of performing measurements to monitor the
pollution levels and the changes in pollution within a given
area; however, there are two main drawbacks of using a
fixed-wing aeroplane. The first one is that the required
measurement time of some of the sensors is very high
compared to the flying speed of the plane. The retention
time is around 20-30 seconds for several sensors, and
during this time span, even a reasonably slow aeroplane
flying at a moderate speed of 14 m/s will have flown around
280-420 metres. Because of this, we have to use reasonably
fast sensors and relatively slow aeroplanes. Another
disadvantage is that, with aeroplanes, it is not possible to
perform safe and secure flights that are close to the ground.
Because of this, these devices can usually be used only for
measurements for which the minimal altitude is typically
around 100 metres or more (this value is highly dependent
on the aeroplane that is being used).

With sensors placed on helicopters, the covered area can be
reasonably large and the speed of the flying devices can be
arbitrarily slow (they can even hover above a given point).
The disadvantage of these is the mechanical complexity of
the system, which is reflected in both the price and the
reliability of the helicopters. It is fairly complicated to set
up these devices initially, and the constant replacement of
deteriorated parts necessitates the frequent resetting or
replacement of parts, along with additional initial set-ups.

By placing the sensors on multi-rotor devices, we can create
a system that is reasonably slow (which is favourable for
the slow sensors), but the device will also be capable of
quick motion if required. The multi-rotor flying devices are
less sensitive to the weather than balloons and they can be
a lot more easily manoeuvred as well. Compared to
helicopters, their mechanical layout is a lot simpler, so their
reliability, operation and maintenance requirements are all
a lot more favourable. Due to their simpler structure, it is
also easier to set up the multi-rotor devices and not
necessary to reset the parts frequently due to their deteri-
oration. The electronic motors ensure the accuracy of the
measurements as well, since the emission of the measure-
ment system during its operation is zero.

As a conclusion, there are two devices that are suitable for
the preliminary conditions. These are the traditional
helicopter and the multi-rotor aerial vehicles. However,
due to the additional advantages of the multi-rotor layout
over traditional helicopters, the multi-rotor devices are
better suited to the practical implementation of the
measurements.
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Figure 4. Application of the developed system
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Figure 7. 3D visualization of the experimental CO measurement
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