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Abstract: The concept and preliminary design of an unmanned lighter-than-air (LTA) platform
instrumented with different remote sensing technologies is presented. The aim is to assess the
feasibility of using a remotely controlled airship for the land monitoring of medium sized (up to
107 m?2) urban or rural areas at relatively low altitudes (below 1000 m) and its potential convenience
with respect to other standard remote and in-situ sensing systems. The proposal includes equipment
for high-definition visual, thermal, and hyperspectral imaging as well as LiDAR scanning. The data
collected from these different sources can be then combined to obtain geo-referenced products such
as land use land cover (LULC), soil water content (SWC), land surface temperature (LSC), and leaf
area index (LAI) maps, among others. The potential uses for diffuse structural health monitoring
over built-up areas are discussed as well. Several mission typologies are considered.

Keywords: unmanned aircraft systems (UASs); UAS-based remote sensing; airship design; hyper-
spectral imaging; thermal imaging; LiDAR

1. Introduction

It is well-known that the monitoring of land use and land cover (LULC) transforma-
tions is strongly linked to the availability, periodicity, (thematic) accuracy and (geometric)
precision of territorial databases [1]. In turn, this knowledge allows for the prediction of the
potential future environmental changes, both positive and detrimental ones, and support
informed decision-making for short and long-term countermeasures [2].

In recent years, with the growing use of geographic information systems (GISs) as
a support for the systematic analysis of large areas, a convergence has arisen between
method and merit in the phases of acquisition, processing, and subsequent statistical and
cartographic treatment of territorial data. That is, the production of cartography and data
relating to environmental monitoring not only depends on the methodologies used for
their production but also determines their information content. Therefore, new acquisition
strategies have to be designed to accommodate the needs of land use planners. This
is also particularly relevant for related objectives such as GIS-based land use suitability
analysis [3].

In this sense, there is an evident gap in the current data sources. For instance, Diaz-
Pacheco et al. [4] pointed out how the space-borne CORINE Land Cover (CLC) database,
arguably the one most utilised by European planners, researchers, and policy makers,
lacked accuracy at the local (e.g., urban) level as of the early 2010s. The same limitations
can be extended to other land use/land cover geodatabases which rely on satellite data
(see Wickham et al. [5]). Indeed, the CLC average scale (1:100,000) and extensive territorial
coverage, while being well-suited for strategic analyses at national scale, can be deemed
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as ‘inappropriate’ [4] for understanding land use dynamic at a local scale, e.g., in an
urban context.

While the CORINE Land Cover database has the great merit of having spread by
now a universally recognised thematic nomenclature of classifying land use and land
coverings, its shortcomings in terms of practical use in the context of territorial governance
are well-known:

(a) its limited periodicity (1990, 2000, 2006, 2012, 2018)

(b) its minimum mapping unit (MMU) for coverage not lower than 25 hectares

(c) the minimum width of the linear elements not lower than 100 m, and

(d) its minimum mappable unit (MMU) for land cover changes (LCC) not lower than
5 hectares.

Therefore, the issue is not limited only to a matter of spatial resolution, but also of
timely updating (which accounts for all the phases of data acquisition, pre-processing,
LULC classification, and LULC change identification). It is no coincidence that since
the mid-2000s almost all the Italian regions have used self-produced land use and land
cover maps, mainly using orthophoto images produced by the Agenzia per le erogazioni
in agricoltura (Italian Agricultural Payments Agency, AGEA) or other conventional or
unconventional sources. Nevertheless, this was achieved at the cost of relevant acquisition
and processing costs, with very long production times which often made maps and related
data obsolete. Therefore, the cost-efficiency and immediate availability of raw data are two
other main factors.

Thus, there is an undeniable need to integrate large-coverage databases with local
acquisitions for improved accuracy at smaller territorial scales. These would require acqui-
sition in the visible and in the infrared (IR) ranges of electromagnetic waves, performed at
a relatively low cost per surface area, with an easily deployable platform.

For this aim, classic solutions include the use of ground-based, hand-held or truck-
loaded technologies [6], fixed-wing [7] or multi-rotor [8] unmanned aerial systems (UASs),
manned rotorcraft [9], and manned fixed-wing aircraft [10]. Recently, even stratospheric
airships and near-space vehicle prototypes have been proposed for land observations,
filling the gap between air- and space-borne imaging [11].

Each one of these local survey strategies has its own advantages and limitations (which
will be detailed later in Section 1.3), also in comparison to satellite imagery. In general,
none of these classic alternatives can simultaneously guarantee low operating costs, fast
deployment, and large surface coverage.

There is therefore a well-recognised and unquestionable potential for robotic air-
ships as a low-speed, low-altitude means for aerial monitoring, especially for tracking
environmental changes over large surface areas [12].

This article proposes the concept and preliminary design of an innovative remotely
piloted aircraft system (RPAS) for land survey, specifically, a lighter-than-air (LTA) platform
equipped with a vast array of remote sensing devices. These include instruments for
hyperspectral and thermal imaging, as well as laser imaging detection and ranging (LiDAR)
and georeferencing capabilities.

The manuscript is organised as follows. In Section 1.1, the aim and scope of the
envisioned prototype are stated. Section 1.2 describes the various LTA platforms available
for remote sensing, while Section 1.3 provides a detailed comparison with other alternative
remote sensing platforms. Section 2 describes the various regulations governing the airship
design and establishes the final mission requirements for the envisioned airship prototype.
Section 3 presents the proposed airship concept and details the various sensors included
as part of the payload. Sections 4—6 describe the design of the various airship subsystems
based on the operational requirements of the mission. Section 4 focuses on the structural
design of the primary load-bearing structure of the semi-rigid airship. The selection and
sizing of the onboard power system are discussed in Section 5, while Section 6 describes
the design of the main propulsion system, comprising of six propellers, and a thrust
vector control system for mid-air manoeuvring. Section 7 briefly discusses the various
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components of the ground station, and Section 8 gives a cost analysis for the entire proposal.
Finally, Section 9 (Discussion) and Section 10 (Conclusions) discuss the overall design and
present the major conclusions and directions for future work.

1.1. Aim and Scopes

There are several potential uses for the proposed RPAS LTA platform. The main aim,
as specified previously, is (i) the accuracy improvement and correction of LULC maps
defined at national or regional levels with localised surveys, and (ii) their constant and
regular updating for LULC change detection. This can be achieved with supervised and/or
unsupervised classification techniques, using visual, thermal, and hyperspectral data as a
combined input (the specifics of signal processing is not the main focus of this paper and
are not discussed here; one can refer to the vast scientific literature [13—15] for the several
ambits of application).

Other potential uses include, but are not limited to, environmental monitoring in a
broader sense. This encompasses soil and water quality monitoring [16]; crop classification
and precision agriculture [17]; forest monitoring [12]; mineralogical and geophysical survey
and monitoring of surface mines [18]; and risk mapping (e.g., for fire, rockslide, snowfall
hazards, or flooding [19]). Desertification, ice melting, and other phenomena induced by
climate change can be tracked, as well as human activities detection in ecological protection
areas. In the case of large-scale natural disasters, outdoor aerial systems can be utilised for
search and rescue (SAR) efforts, performing patrolling over disaster-stricken areas, victim
searching, and mapping activities. LTA platforms are particularly convenient in this sense
thanks to their capability to hover with low fuel consumption [20]. Visual assessment can
be used for post-earthquake surveys as well, with the potential to monitor the aftermath on
both the natural and the built environment. The addition of other sensing technologies will
further increase the platform potentiality (e.g., using hyperspectral data for the evaluation
of soil liquefaction).

The RPAS LTA platforms can be used as well for maintenance and continuous moni-
toring, and protection of critical structures, e.g., bridge monitoring [21]. Long endurance,
low cost platforms will also be essential for the future development of (aerial) non-contact
structural health monitoring (SHM) systems. This concept is gaining traction in the struc-
tural engineering community for the damage assessment of monuments, infrastructures,
or built-up areas. Aerial monitoring can record seasonal changes in both the structure(s) of
interest and the topsoil composition of the neighbouring ground and the soil underneath,
which influences the dynamic behaviour of the structure. This can be more conveniently
done with a remotely controlled platform [22]. Finally, apart from civil applications, aerial
platforms with optical instruments can be retrofitted for persistent intelligence, surveillance,
and reconnaissance (ISR) for homeland, border, and maritime security.

All these tasks can be fulfilled with image-based data processing, land surface temper-
ature (LST) directly extracted from thermal imaging or indirectly estimated from hyperspec-
tral imaging, and other indirect indices such as leaf area index (LAI [23]), soil water content
(SWC) and similar soil moisture indices [24], etc. These latter ones can all be estimated
from the hyperspectral signature (i.e., the repartition of the captured reflectance, depurated
of atmospheric and other confounding factors, in specific wavelength bands) of the target
areas and objects. LST can be achieved directly from thermal infrared (TIR) measurements
or indirectly from the hyperspectral signature. When available, this first option is generally
much more accurate, especially in built-up environments for the assessment of waste
hast-induced urban heat islands [25] and for the detection of anomalous surface thermal
patterns. Both hyperspectral bands and temperature can then be used to classify urban and
rural land use and land cover.

The sensor data can be combined with a LIDAR and integrated global positioning
system (GPS) to produce a hypercloud, i.e., a representation of the hyperspectral data
cube and other acquired data (or their derived indices) on a geometrically correct, 3-
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dimensional model of the land surface. This will allow for an intuitive visualisation of the
acquired /processed information.

In comparison with similar projects (detailed in the following Subsection), it is evident
that there is a lack of multi-instrumented LTA platforms for land surveys and environmental
monitoring. The prototype most similar to the design proposed here is the ACC15X multi-
sensor airship [26], intended for the mapping of medium-sized areas (1-10 km?) [27]. The
onboard instrumentation included a SICK LD-LRS1000 LiDAR with conical modification,
an Olympus E-PM1 digital camera in the visible spectrum, and an FLIR SC645 thermometric
camera. However, the Czech prototype did not include any sensor for multi- or hyper-
spectral imaging, which are currently considered one of the most effective tools for remote
sensing in general and LULC specifically [28]. This addition also allows covering, without
gaps, the wavelength spectrum from visible to infrared (i.e., ~380 to ~14,000 nm).

1.2. Manned and Unmanned LTA Platforms for Remote Sensing

Some previous proposals and prototypes of similar RPAS LTA platforms for remote
sensing are enlisted in Table 1.

Another project, the “NARVAL”, proposed in 2000 by the Instituto Superior Técnico-
Instituto de Sistemas e Robotica (IST-ISR) [29] was tested only as a miniaturised model
for indoor use; it also included a video-based control system [30] (length: 2.13 m, max
diameter: 0.74 m).

Remote sensing platforms for militarised warzones deserve a separate mention. In
this specific context, the main reasons behind the use of an LTA platform over standard
helicopter surveys are the absence of rotor downwash (which can detonate unexploded
bombs), the ‘friendlier’ shape and reduced noise, perceived as less threatening in a con-
flict zone, the reduced amount of metallic structural components, and the capability to
withstand more bullet holes (with respect to a rotorcraft) before falling [31]. However,
only manned airships have been proposed for this role, e.g., the 45 m-long “MineSeeker”
project [31], operated first in 2000 in Kosovo to perform video and photo surveys of mine-
fields, and the US Navy and Loral Defense Systems-Akron (“LDSA”), which attached a
laser-based system for underwater mine detection to the 63-m-long, 14-m-wide “Spirit of
Akron” manned non-rigid airship [32]. However, it is quite self-evident that an unmanned
LTA platform would be preferable for visual surveying in a combat scenario.

The RPAS LTA presented here is distinguished from these and other designs due
to the following features: (1) the proposed shape (prolate spheroid) of the envelope, (2)
the propulsion system with thrust vectoring control, inherited from previous projects
(Battipede et al. (2006) [33]), and (3) the vast number of devices carried for remote sensing,
covering the broadest range of electromagnetic wavelengths conceived so far (uninterrupt-
edly from the visible to the thermal infrared radiation).

Table 1. Similar RPAS LTA platforms.

Max
Project Name Institution Length, (m) Diameter, Volume, (m?) Years Refs.
(m)
Automation Institute of the
Autonomous unmanned Universidade
remote monitoring de Campinas 105 3.0 340 Late1990s  [12,34,35]
robotic Informatics
airship (“AURORA”) Technology
Center
Unnamed LTA platform University of Pennsylvania 9.0 2.2 26.0 Early 2000s [36]
Autonomous blimp
“KARMA”, LAAS-CNRS 8.0 1.9 15.0 Early 2000s [37]
EDEN project
Unnamed autonomous RIKEN research group of the
blimp-type robot Tokyo University 65 30 249 Late 2000s (58]
“ACC15X” Czech Technical 12.0 2.8 57.0 Early 2010s [26,27]

University in Prague
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Table 1. Cont.
Max
Project Name Institution Length, (m) Diameter, Volume, (m3) Years Refs.
(m)
Unmanned airship Key Laboratory of Subtropical
. low-altitude therm‘:ﬂ Bulldmg Sc1en.ce of .the South 15.0 40 120.0 Mid- 2010s [39]
infrared remote sensing China University of
system (“UALTIRSS”) Technology
Key Laboratory of 3D
“LanTianHao” high Information
altitude Acquisition and 38.0 12.0 n.a. Mid- 2010s [40]
airship (HAA) ! Application at
Beihang University
30, 35, 40, and
Several LTA unmanned US-based Galaxy Unmanned 75-feet long )
aerial systems (UAS) Systems LLC (~9,11,12, na na 2000-2019 [41,42]
and 23 m)

! This design is intended to operate at >4000 m above mean sea level. and with a payload of about 200 kg, thus it is larger in size with respect to
the other reviewed designs.

All these aspects, plus the advantages which stem from them, will be described in
detail in dedicated sections.

1.3. Comparison with Other Land Survey Strategies

The convenience of LTA-based airborne measurements depends on the size of the
surveyed area. In this sense, the other direct competitors in the field of remote sensing
are fixed and rotary-wing manned and unmanned aircraft, as well as space-borne mea-
surements [38]. The size of the surveyed area increases proportionally with the operating
altitude, as qualitatively shown in Figure 1. Conversely, the ground resolution decreases as
altitude increases. Therefore, none of these strategies are seen to present an ideal solution.
Some of the commonly used land survey strategies are briefly discussed below.

Remote Sensing Platforms

>10,000 km - Geostationary V
satellite &%
~1000 k .
m Remote
sensing
'§ ~100 km satellite
b . ~Stratospheric
= ~=3 v e platform
s ~10km
._g Fixedwing B, = .. & Conv.
< x
g e W@ airship
é:";.. ~1000m - % Rotary wing
(~1 km) d Unmanned airship
<100 m - 4_1 !,rq Small UASs
A’Y
<1m ’ Ground-based
< 1km? 10 km? 100 km? 1000 km? > 1000 km?

Ground Coverage Area

Figure 1. Operating altitudes of (manned and unmanned) aerial monitoring systems.
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On-site surveys using ground-based instruments are the classic and most common
form of land survey, especially for small and very small areas. While they are the most
flexible and versatile solution from a logistic perspective, they still require personnel to
be dispatched locally, making them labour intensive and cost-inefficient. The integration
of ground-based systems with UASs has been proposed by Kirsch et al. [43] to achieve
close-range hyperspectral imagery with higher spatial resolutions from different angles
of view.

Low-altitude, low-cost small UAS solutions are a natural extension to standard field
surveys due to the larger operational range, combined with very flexible and generally
non-standardised survey procedures. Khaliq et al. [44] showed that UAV-based local and
low-altitude imagery produced more reliable results for precision agriculture purposes
when compared to space-born satellite mapping. A similar comparison between UAV and
satellite data was made by Padua et al. [45] for post-fire monitoring. Boon et al. [46] showed
that fixed-wing UAVs reported less accurate information for environmental mapping than
multirotor UAVs due to the lower image quality caused by the longer exposure times at
higher flight speeds. An issue with small-sized UASs is related to the limited payload
volume: payload is restricted to one or two lightweight devices, and onboard magnetic
disturbances increases, affecting the sensors’ readings and navigation performances [47].

Manned rotorcraft surveys are a good solution for covering large areas (inaccessible
to small UAVs) and allows hovering performance similar to an LTA platform. However,
compared to LTAs, rotorcrafts do not allow silent flight and generate rotor downwash,
making them non-ideal candidates for night-time surveys above inhabited areas. Moreover,
their surveillance and the total flight time are much more limited and expensive (in terms
of cost per flight hour), making them a poor solution when long endurance is required.
Vallet [48] describes an interesting system for integrating helicopter-borne LiDAR and
photogrammetry sensing systems.

Low or medium-altitude manned aircraft surveys are a ‘halfway’ option between
satellite and UAV-based solutions considering the surveyed area size. Matese et al. [49]
compared the cost per hectare of surveyed areas for aircraft, UAV, and satellite multispectral
imaging, and showed that aircraft survey costs did not scale up as rapidly as for UAVs,
making it more cost-efficient for areas slightly larger than 5 ha. However, the costs of
flight hours for a fixed-wing aircraft still exceed the operating costs of an LTA solution for
the same amount of surveyed area. Also, the acquired data suffers from the high flight
speed, resulting in overall poorer quality of results. Similar to helicopter surveys, small
fixed-wing surveys are not cost-efficient over large areas and have poor eco-compatibility,
both in pollution and noise.

Space-borne measurements are the standard for large-scale land surveys offering
good performance but have an extremely high initial cost of launching the satellite into
orbit. Compared to local solutions, which can be deployed rapidly and when needed,
space-borne acquisitions are available only at certain times (depending on the orbit) and
may be unusable during cloudy weather conditions.

Figure 2 reports a qualitative comparison of the main features between the proposed
LTA platform and other comparable alternatives described above. Very few comparative
studies for remote sensing, including LTA solutions, are found in the literature. For instance,
Koska et al. [27] compared the already-mentioned ACC15X prototype with measurements
from fixed-wing UAVs and a conventional aircraft for waste heap monitoring. The ACC15X
(which has similarities to the design proposed here) performed comparatively well in
photogrammetric and LiDAR measurements (with a data density of 15 laser-scanned
points per m? at an average span of ~0.20 m) and good vegetation penetrability for forested
areas. In terms of the time elapsed for the survey of the whole area, the airship and the UAV
spanned a roughly similar area in about 4-5 h with no major differences. In this regard,
the longer flight preparation time of the LTA vehicle, mainly due to the gas compression
phase, should also be considered [27]. Nevertheless, the install time of the LTA vehicle is
expected to be low enough to make it competitive with other aircraft options.
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Figure 2. Comparison of the various land survey strategies.

2. Design Regulations and Requirements
2.1. European Regulations

According to the European Aviation Safety Agency (EASA), RPASs represent a sub-
group of unmanned aircraft systems (UASs). To ensure the safety of persons on the ground
and other airspace users during unmanned aircraft operations, appropriate requirements
relating to airworthiness and personnel involved have been established. For European
Union (EU) and EASA member states, the current (2021) legal framework is defined by
the EU Regulations 2019/947 and 2019/945 [50]. Due to its take-off mass (>25 kg limit of
the ‘open’ category), flight height (>120 m above ground level), its potential use beyond
visual line of sight (VLOS), and in particular, its intended use over urban centres (i.e., over
assemblies of people), the proposed LTA platform falls into the “certified” category of UAS
operations. These are therefore subject to the applicable operational requirements laid
down in the Commission Implementing Regulation (EU) No 923/2012 [51] and Commis-
sion Regulations (EU) No 965/20122 [52] and (EU) No 1332/2011 [53]. In Italy, the EU
requirements have been very recently implemented by the Italian Civil Aviation Authority
(ENAC) in the new first edition of the UAS regulations [54]. The preventive risk analysis of
the whole system is strictly required as well, similarly to other platforms [55].

2.2. Survey Strategy

For airborne surveys, the target area is generally divided into a grid, resulting in rows
corresponding to flight paths. The length of the survey lines and the interline spacing or
overlapping can be selected depending on the type of survey being performed, as well as
the aircraft survey speed and altitude. The aerial platform flies a straight path for a certain
distance to collect survey data along that path. In this sense, forward and side overlap
are expected to be at least 60-65% and 30-35%, respectively for optimal acquisition [39].
Zhang [56] suggests 80% forward and 75% side overlap for high altitude precision from
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photogrammetry and aerial triangulation, while the side overlap can be slightly reduced
(down to 50%) if the focus is limited to planar precision. These settings are intended to
improve the adjacent image matching process to achieve the final image mosaic of the
whole surveyed area.

In the most classic strategy (depicted in Figure 3a) the airship reverses directions to fly
a straight path to collect survey data from the terrain along the strip adjacent and parallel
to the first flight path. Thus, the airship can fly in a series of nominally parallel survey lines
until the total target area has been covered. The manoeuvrability of the airship allows for
straight lines to be flown, yet the turning manoeuvre is generally much slower than the
rest of the operation.

'

m
i
|

| - e

|W

(a) (b)

N

. |

(©)

Figure 3. Typical flight route options for aerial surveys: (a) standard survey pattern, (b) race-tracking, and (c) proposed
strategy with no 180° turns.

Figure 3b shows another flight pattern that can be used to cover the same survey area
instead of the one described above. This alternative flight pattern uses what is known as
“race-tracking”, i.e., the reverse path is flown along a row that is spaced apart from the
immediately preceding one to increase the efficiency of the turns made by the airship when
the survey lines are closely spaced.

The proposed survey strategy, graphically portrayed in Figure 3¢, and allowed by the
peculiar envelope design, eliminates the need for 180° turns, thus reducing the manoeuvre
time and the survey time overall.

2.3. Mission Requirements
The standard course of action of a typical airborne land survey mission comprises of:

- Stand-by (definition of the course plan while grounded and ready for flight).

- Take-off (ideally from a location as close as possible to the reconnaissance area; auto-
mated start-up and take-off in safe weather conditions can be included in this step).

- Cruise flight (required operations include continuous wireless communication with
the ground base, semi-automated obstacle avoidance, continuous fuel analysis, con-
tinuous structural health monitoring (SHM) analysis, and automated activation of
protocols for emergency landing).
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- Survey (required operations include stable positioning, active control of the camera
and other sensing equipment, high-quality data acquisition, continuous wireless
communication with the ground base, and semi-automated obstacle avoidance).

- Landing (required operation include automated landing, quick data transfer and
backup, automated confirmation of safe landing, and semi-automated set-up for
next flight).

The design of these phases must satisfy the mission requirements. In this specific
case, to make the proposed solution competitive for urban-scale mapping, the mission
requirements defined are

1. Capability to survey a maximum area of 107 m?,
2. Maximum take-off to survey site distance (cruise distance) of 20 km.

These values represent the standard scenarios envisioned for the proposed LTA plat-
form. The airship is designed to achieve these requirements for the multi-sensor payload
(which is described in detail in Section 3.1). The sensors are defined to meet the following
criteria of ground resolution for fine mapping (for any mission typology and flight height):

a. Not lower than 1 point every 0.05 m for the photogrammetry.

b. Not lower than 1 point every 1 m for the thermographic and hyperspectral measure-
ments.
c. Not lower than 1 point every 0.5 m for LIDAR measurements.

The requirements for the optical acquisitions derive from the comparison with satel-
lite ground resolution (e.g., the PRISMA satellite has a ground resolution of 5 m in the
visible range and 30 m for the hyperspectral bands [57]). The requirements for the LiDAR
acquisitions have been defined in order to be suitable for accurate 3D urban modelling
(level of detail LOD3 according to Groger et al. [58]).

The payload is thus estimated to weigh 100 kg. This operational load needs to be

1.  Carried while proceeding at a speed of 14-22 m/s and an altitude of 500-1000 m
during the cruise to the target area, and

2. Carried and power-supplied at a speed of 7.5-15 m/s (optimally 13 m/s) and an alti-
tude of 450-900 m (optimally 500 m) above mean sea level during survey operations.

This last condition is derived from the data acquisition speed of several devices to
enforce reliable measurements at low speeds (as mentioned above, more details will be
discussed in Section 3). It also accounts for the forward overlap needed to acquire shared
reference points in consecutive frames for image mosaicking. The calculations for the
covered area accounted for the side overlap between parallel strips as well, again for image
mosaicking purposes. The optimal altitude for surveying is considered to be 500 m above
ground level which, in most cases, ensures operation below cloud level.

Survey speed and the total area covered (including overlaps) define the maximum
duration of the mission i.e., the time needed for autonomous uninterrupted operation, also
accounting for the energy consumption of the sensors and onboard instruments.

For comparison, the second phase of the AURORA project was intended to fulfil the
following requirements [12]: (1) typical mission duration up to 8 h, (2) typical distance
from base to target area between 10-50 km, and (3) payload of ~50 kg. The first phase
(limited to a 10 kg payload and to missions lasting up to 2 h within a radius of 10 km) was
expected to be achieved with a 9 m long, 30 m? airship equipped with two engines with
thrust vector control. This sizing is proportionally in line with the output of the proposal
presented here for much larger distances and greater payload weight.

3. The Proposed Airship Concept
The main limitations of conventional airships can be summarised as:

1.  Strong sensitivity to lateral winds and gusts,
2. Limited manoeuvrability and flight envelope,
3. Poor control capabilities in hovering and at low speeds,
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Poor capability of operating in adverse environmental conditions,

Relatively wide ground area required for take-off and landing,

Multiple ground crew members required, and

Slow to reverse the direction of travel during survey operations (also requires a large
turning radius).

NG

The structural and design innovations presented in this concept are intended to
overcome these limitations. Specifically, points 1-6 can be solved using the thrust vectoring
technology, described in detail in Section 6.2). An ellipsoidal envelope (more precisely, a
prolate spheroid shape, as defined in Carichner et al. [59], Chapter 3) is proposed to make
the airship capable of moving backwards without manoeuvring, thus reducing survey time.

Therefore, the proposed RPAS LTA platform (shown in Figure 4) has a single-hull with
a prolate spheroid envelope, a single-rib (exoskeletal) load-bearing structure, six external
propellers for propulsion and thrust vector control, and a four-legged landing system. All
these aspects will be addressed in detail later. The structural convenience of the single-hull
exoskeletal solution was highlighted in Cappadona et al. [60].

Figure 4. Conceptual sketch of the proposed LTA platform for land surveying. (a) Side view, (b) front view.

The envisioned onboard remote sensing instrumentation is intended to be as complete
as possible and superior to any concept proposed so far. The payload can be fully contained
in the airship gondola and it will be detailed in the next Subsection.

3.1. Payload Design
Regarding the payload, it is important to notice that

1.  The LTA platform allows for a larger payload than the alternatives described before,

2. The payload weight is a modest percentage of the total weight (roughly ~5%); it can
be increased further with minimal design variations and additional operating costs to
accommodate other sensors (e.g., magnetometers as presented in Kim et al. [61] for
aeromagnetic geosurveys, radar systems, or even microwave sensors for subsurface
imaging [62]).

3.1.1. Remote Sensors

Sensor selection among all possible useful remote sensing tools is carried out consid-
ering their operating costs (due to their weight and energy consumption) and expected
output (i.e., the products which can be defined from their measurements). The four de-
vices deemed most cost-efficient are: a high-definition (HD) video camera, a large-range
hyperspectral sensing system, a thermometric camera, and a light detection and ranging
(LiDAR) sensor.

The LiDAR has been included for georeferencing the measurements and for profil-
ing the land surface topography, potentially for 3D geographic information system (GIS)
mapping. This can be achieved by exploiting the Global Positioning System (GPS), al-
ready present onboard for navigation purposes, through a dedicated high-precision time
synchronisation board similar to the procedure described in Koska et al. [27], Section 2.1.3.
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The digital camera is intended to collect visual information in the 380-700 nm wave-
length range of the electromagnetic spectrum (even if the model actually selected allows
for near IR acquisitions as well). The dual hyperspectral sensors can collect, respectively, in
the visible and near-infrared (VNIR) and the short-wave infrared (SWIR) ranges (about
400-970 nm and 970-2500 nm, respectively). Finally, the thermometric camera captures
information between ~1000-14,000 nm, i.e., spanning the SWIR as well as the mid-wave
infrared (MWIR) and long-wave infrared (LWIR) light emissions (Figure 5).
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Figure 5. The range of the electromagnetic spectrum covered by the proposed onboard sensing
devices (HD camera, hyperspectral, and thermographic camera).

It is important to recall that VNIR and SWIR wavelengths are mainly reflected ra-
diations (“reflected infrared”, which can provide information regarding the chemical
composition of the irradiated object, according to its absorbed bands), while MWIR and
LWIR are mostly emitted from the object itself (“thermal infrared”), thus indicating its
physical or thermal state and energy content. These two wavelength ranges can therefore
carry different information and have distinct uses in remote sensing [25]. The intended
acquisition system can span uninterruptedly over a band of more than 10* nm and with
overlaps between all sensors, which can be exploited for double-checking or discerning the
observed phenomena.

For illustration, the following commercial products are considered (see Figure 6):

1 Phase One® iXM-RS150F camera,

1 NEC® TH9260 thermographic camera,

1 SPECIM® AisaDUAL hyperspectral system,
1 Optech® ALTM Galaxy T1000 laser scanner.

The actual commercially available or purposely made sensors may vary in their exact
specifications; to present a potential configuration, the following sensors have been deemed
as appropriate.

For instance, the Phase One® iXM-RS150F camera [63] (see Figure 6a) is a product
specifically made for aerial survey uses. It can acquire simultaneously in the RGB and
near IR bands within four bands, combining them in automatic data fusion to generate
distortion-free images co-registered with an estimated normalised difference vegetation
index (NDVI). For uses in urban areas, it can be combined with LiDAR measurements
for high resolution (up to 150 megapixels) 3D city modelling. With 10 cm per pixel over
an area of 1.5 km?, the camera reaches a ground resolution compliant with the minimum
requirements for all survey speeds and altitudes envisioned. It can operate with minimal
power demand (maximum of 16 W), encumbrance (maximum of 90 x 90 x 224 mm? with
a 90 mm lens), and weight (maximum of 2150 g with a 90 mm lens). The operational range
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of temperature (—10 °C to +40 °C) and humidity (15% to 80% to avoid condensation) are
compatible with the expected conditions. The acquisition rate (2 fps) allows a maximal
flight speed of 15 m/s.

The NEC® TH9260 thermographic camera (see Figure 6b) easily meets the require-
ments as well for all survey settings (flight speed and altitude). Specifically, the ground
resolution is always larger than 1 point per 0.5 m up to altitudes as high as 900 m
above ground level. For a total weight of 1.7 kg (battery included), and encumbrance
of 110 x 110 x 210 mm?, it allows visual and thermal imaging simultaneously at 30 fps to
display the fusion image for easy identification of thermal spots. Its thermal resolution in
the range —20 °C to +60 °C is 0.06 °C (or better) with an accuracy of 2 °C. The operational
range of temperatures (—15 °C to +50 °C) is compatible with the expected conditions [64].

The hyperspectral system, the SPECIM® AisaDUAL (see Figure 6c), combines two
sensors: the AisaEAGLE (for the VNIR range) and AisaHAWK (for the SWIR range) in
a single dual sensor bracket mount. The system largely satisfies the ground resolution
requirements, reaching the minimum 1 m ground pixel size only at about 2500 m for the
AisaEAGLE sensor (18.5 mm lens) and at 1000 m for the AisaHAWK (30 mm lens), well
above the expected survey height. For a total mass of 50 kg (including dedicated data
acquisition, power, and data storage units, as well as GPS and Inertia Measurement Unit
(IMU) sensors, and an encumbrance of 490 x 680 x 420 mm?. It allows up to 100 fps for a
peak consumption of 815 W (including rack pc), with up to 244 bands in the VNIR range
(sampling 2.3 nm per band) and 254 in the SWIR one (5.8 nm per band) [65]. It has the
strictest operational temperature range among all sensors, being limited to +5 °C to +40 °C
for optimal acquisitions. However, this can be compensated by proper thermal insulation.

AiSIEAGLE
(YNIR,
4oo-gjonm)

AlsaHAWK
(SWIR,
g7o-
2500nm)

(c) (d)

Figure 6. Examples of commercially available sensors which can fit the intended purposes. (a) Phase
One® iXM-RS150F camera (b) NEC® TH9260 thermographic camera (c) SPECIM® AisaDUAL com-
bined hyperspectral sensor (AisaHAWK and AisaEAGLE, for VNIR and SWIR wavelength) with
its integrated stabilizer (d) Optech® ALTM Galaxy T1000 laser scanner mounted on its dedicated
gyrostabilizer (which can accommodate the iXM-RS150F camera as well).

Finally, the Optech® ALTM Galaxy T1000 airborne LiDAR terrain mapper (see Figure 6d),
can operate between 0 °C and +35 °C. For a total weight of about 33.5 kg (including
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the power distribution unit), an encumbrance of 340 x 250 x 340 mm?, and a power
consumption of 300 W, it guarantees an acquisition rate of 1,000,000 measurements per
second, a maximum reachable distance of 3500 m above ground level (for 20% reflective
targets e.g., vegetation), and a ground resolution of >20 points/m? below 1150 m above
ground level, which is compatible with the mission requirements. This commercial product
is also available with its gyro-stabilizer, capable of accommodating the iXM-RS150F camera
as well for integrated use [66].

All these devices require one or more external units for data storage (they can poten-
tially be integrated with the one built-in the hyperspectral and LiDAR systems) and other
instruments for data syncing, e.g., a high precision digital clock (this can be achieved with
low-cost and lightweight solutions, e.g., an Arduino® module).

Considering the different acquisition rates for all the sensors, the optimal survey speed
at an altitude ~500 m above ground level ranges between 12-14 m/s (45-50 km/h). At
the target altitude, the HD camera, which has the strictest limitation due to its low frame
rate. Considering a square survey area of 10 km?, with 80% forward and 60% side overlaps
between strips, the maximum acquisition time needed can be estimated (with a large safety
margin) as <3 h. This is well below the stricter autonomy limit (4 h due to the memory
limit of some sensing devices).

3.1.2. Other Onboard Hardware

Other onboard hardware includes several sensing devices dedicated to (1) guidance
navigation and control, including the flight path execution, (2) the monitoring of external
atmospheric data (i.e., weather and air conditions), and (3) structural health monitoring
(SHM) of the structural components of the airship. The sensors for (1) and (2) include
anemometers and thermometers. Wind sensors are intended to provide the relative airship
air speed along all three axes, the aerodynamic incidence angles, and the barometric
altitude. For SHM, uni- and/or tri-axial accelerometers (even relatively cheap inertial
measurement units) can be used, screwed to the most critical structural components. The
recorded vibrational time-histories can be then analysed by means of signal processing, for
which there are plenty of available techniques (e.g., [67-69]).

The internal sensor suite for flight path execution purposes will include a GPS receiver
with differential correction systems and inertial navigation sensors (i.e., a compass, oriented
accelerometers, inclinometers, and gyroscopes). These latter components will provide
the roll, pitch, and yaw (heading) attitude, as well as the angular rates and body axes
linear acceleration, which are needed not only for control and inertial navigation but also
to depurate the measured data from the airship movements and rotations during the
acquisition phase.

The non-rigid gas envelope can be easily penetrated by signals from GPS satellites so
that the GPS receiver located under it can receive satellite signals without interference from
the airship structure. This allows a true location reading for the actual survey equipment
to be determined with greater accuracy.

The compass, inclinometers, and GPS receiver will be directly connected, via serial
ports, to a dedicated central processing unit (CPU) mounted nearby. Another GPS receiver,
located in the ground station, will be used to send real-time correction data to the onboard
GPS. All the other sensors for control, navigation, and diagnosis (monitoring the engine
speed, altitude, control surface position, wind speed, fuel and battery level, structural
vibrations, and engine temperature) and actuators (engines and control surfaces) will
be connected to a microprocessor. The microprocessor will send all sensor readings to
the computer and the commands to the actuators (assuring a smooth transition from
manual control through a standard radio control unit and the automatic control mode).
A remote-control unit will be installed to override the commands sent to the actuators if
needed. Apart from the high-quality cameras dedicated to ground observations, lower-
quality and relatively low-cost digital cameras will be mounted on the airship’s gondola to
provide aerial images to the operator on the ground to facilitate visual navigation (even
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automated if available) based on the geographical features of the terrain. In the case of
autonomous flight, these cameras can be used as well in conjunction with vision-based
tracking algorithms, to provide some collision avoidance capabilities with respect to flying
obstacles in low altitude airspace [70].

The software architecture will be developed to return a reliable and robust configu-
ration between the onboard and the ground station hardware, similar to Battipede et al.
(2005) [71]. The human-machine interface (HMI) provides the communication and visuali-
sation between the operator and the navigation system onboard the airship. A physical
model-based virtual reality (VR) airship simulator can be developed for training the hu-
man user.

The airship can be planned in order to sustain autonomous or semi-autonomous flight,
as proved feasible for similar prototypes in Ramos et al. [34] and Azinheira et al. [72]. The
onboard CPU will use predefined algorithms to assure the execution of mission flight
profiles uploaded from the ground station and accounting for all the features required for a
safe flight in accordance with the law prescriptions.

3.1.3. Total Payload Energy Consumption

The power consumption is estimated for the sensor devices enlisted before considering
their declared peak demand, assuming cautiously that this scenario happens simultane-
ously for all instruments. This corresponds to a power requirement that can be estimated
to 1 kW, accounting for all the other onboard instrumentation as well.

3.1.4. Total Payload Weight

The total sensor mass weights can be estimated at around 75 kg (overestimated for
safety). For design’s sake, the LTA platform has been sized to carry all the equipment;
however, individual sensors can be detached if not needed, thus reducing the load carried
and increasing autonomy.

Airborne acquisitions, especially push broom images, may present severe geometric
distortions induced by the large pitch and roll angles (caused in turn by the effects of
changing air pressure, temperature, and airflow, especially at relatively high altitudes). To
improve measurement quality, all devices can be accommodated on three-axis stabilisation
platforms (as few as possible, joining different sensors on the same ones). This is not strictly
required (e.g., hyperspectral imaging without a three-axis stabilized platform is possible
as demonstrated by Zhang et al. [40]), yet this simple solution has been proved to be very
effective for low-altitude stable imaging from LTA platforms [73], by keeping the line of
sight of all measurement devices parallel to the vertical axis at all times. The weights of
these structures are not negligible in the definition of the total payload.

For this reason, the total weight of the stabilisation platforms, plus the cables and the
other onboard devices, described in the previous Subsection, has been accounted here at
the design stage with a one-third increase of the sensors’ total weight (which was already
overestimated) to 100 kg.

4. Structural Design

The design of an airship is a multi-disciplinary optimization problem involving
multiple interdependent airship subsystems like the envelope, structural frame (for a semi-
rigid /rigid airship), propulsion system, buoyancy control, landing legs, energy storage,
electrical systems, payload, etc., [74,75]. The design stage begins with an initial definition
of the mission requirements, such as altitude, range, and operating speeds. Based on the
mission requirements, an airship shape (geometry) and possible materials are proposed.
Each geometry and material combination are investigated under different airship operating
conditions, and the designs are evaluated in their ability to guarantee vertical equilibrium
and maintain the structural integrity of the supporting frame. The sizing of the airship
continues till a convergent solution is obtained. An optimal solution should guarantee
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airship manoeuvrability and stability under normal operating conditions while reducing
structural mass.

4.1. Design Parameters

The envisioned airship design relies exclusively on aerostatic thrust to achieve vertical
balance and uses propeller thrust only for trajectory and attitude control. The current
work proposes a semi-rigid ellipsoidal airship (prolate-spheroid) with a pressure-stabilized
envelope and a single-rib (exoskeletal) load-bearing structure for structural support. The
load-bearing rib structure has a thin-walled cross-section (see Figure 7, adapted from
Porta [76]) designed to facilitate the structure-to-envelope connection. The cross-section
also contains hollow cells for routing wires for powering the electric motors of the propul-
sion units located at various lengths along the central rib structure.
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Figure 7. Rib cross-section. The geometry is represented as a function of the half-width, w; height
h = w/2, and thickness t = w/40.

As the rib acts as the primary load-bearing structural frame of the airship, the struc-
tural design focuses on optimizing the geometrical parameters of this structure. Two
geometrical parameters are used for defining the structural frame: airship length L (equal
to the semi-major axis of the ellipse), and half-width of the rib cross-section, w (see Figure 7).
Based on aerodynamic considerations, an airship slenderness of 3 (ratio between semi-
major and semi-minor axis) is chosen for the structural frame. This ensures an airship
envelope with a high carrier gas volume and low aerodynamic resistance due to drag [77];
further considerations will follow in Section 4.3. These two geometrical parameters control
the overall size and weight of the airship, and therefore the structural frame, and are used
for the airship sizing.

The size and position of the various airship subsystems also play a critical role in the
design of the structural frame. The major airship subsystems considered for the design are
(see Table 2):

e  Structural frame: depends on airship length, rib cross-section, and density of the
material used.

e  Onboard systems: dependent on the mission requirements. Comprises of the energy
system, cables, etc. For the current study, an estimated mass of 300 kg is assumed.

e  Propulsion system: This is a function of the power required from the propeller and is
sensitive to the cruising speed and aerodynamic drag. Based on these considerations,
the current study assumed a mass of 25 kg for each propulsion unit.

e Payload: Represents the mass of the transported load and is dependent on mission
requirements. An estimated mass of 100 kg is considered (see Section 3.1.4).

Table 2. Distribution of the airship weights.

System Weight, (kg)
Propeller (6 no.) 25 (per propeller)
Onboard systems (e.g., energy systems) 200
Payload 100

Other non-structural weights (e.g., cables, etc.) 100




Remote Sens. 2021, 13, 2523

16 of 37

As structural mass is the predominant mass of the airship, the primary motivation
behind the choice of structural material is high strength and stiffness, combined with low
density (high specific properties). Hence, the priority of airship sizing is to minimize the
weight of the structural frame. In addition, limitations due to production costs exist and
will be discussed in a later section. Based on these requirements, two potential structural
materials have been identified:

e  2024-T3 Aluminium alloy: Commonly used alloy for aerospace applications, offering
the highest specific strength among the metal alloys [78].

e  Carbon/Epoxy composite: A polymer matrix composite of high modulus (HM) series
offering high specific strength and excellent stiffness in comparison with metal alloys.

A safety factor SF = 1.5 is also considered to offer a safety margin for the design. This
safety factor will be used in assessing the observed stresses with respect to the material
limit values shown in Table 3.

Table 3. Mechanical properties of the materials used for the airship design.

Tensile Yield Stress Ultimate Tensile

. . 3 y

Material Density, (kg/m>) (MPa) Stress, (MPa)
Al-Cu 2024-T3 2780 230 345

Carbon/Epoxy (HM) 1500 450 900

4.2. Preliminary Design and Structural Analysis

The structural response of the airship under different operational conditions is simu-
lated using a numerical model of the airship in ABAQUS. Only the primary load-bearing
members of the structural frame are modelled, which in the present design is the rib
structure. The frame is meshed using the S4R element [79], which is a 4-node shell element
with reduced integration. The payload, propulsion units and other onboard systems are
modelled as point masses attached to the structural frame using rigid links at various
locations of the frame. Buoyancy loads are calculated based on the volume available in
the airship for the enclosed gas and are modelled as a vertical distributed load applied
on the upper portion of the structural frame. To simulate the structural response when
the airship is unconstrained in mid-air, the inertial relief condition is used [79,80]. These
settings follow the analysis procedures developed for previous airship designs [81].

Various airship geometries are investigated by iterating geometrical parameters, L
and w, and each airship geometry is evaluated under the following airship operating
conditions:

1.  Hovering: The airship is parked in mid-air and maintains static vertical equilibrium
without using propeller power. External loads acting on the structural frame include
buoyancy loads and the weight of the various airship subsystems. Inertia relief is
specified to simulate the mid-air equilibrium condition.

2. Parking: The airship is parked on the ground and the entire weight of the airship is
supported on two rigid landing legs connected to the structural frame. The buoyancy
load is small due to inflated ballonets, and propellers are inoperative.

3. Crash: A ground impact simulation of the airship. Similar boundary and loading
conditions to that of parking are used, but a vertical acceleration of 3 g (29.43 m/ s?) is
imposed to simulate the accelerations generated during a sudden descent.

The above three scenarios are used for initial airship sizing. Those viable airship
geometries are subsequently evaluated to withstand stresses developed during mid-air
manoeuvres of the airship. These manoeuvres are executed using thrust from the propul-
sion system, modelled as concentrated forces, applied at their respective locations on the
structural frame. The various manoeuvres investigated are described below
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1.  Pull-up: A mid-air manoeuvre where the airship rises from the ground (gaining
altitude) using the two vertical thrusters providing a thrust of 1000 N and —1000 N,
respectively.

2. Descent: A mid-air manoeuvre where the airship approaches the ground (losing
altitude) using the two vertical thrusters providing a thrust of 1000 N and 1000 N,
respectively.

3. Control system failure: Simulating various failure conditions of the airship due to
the incorrect use of the horizontal propellers. Three cases are explored with various
combinations of the horizontal propeller thrusts: traction (propeller thrusts oriented
symmetrically away from the minor axis), compression (propeller thrusts oriented
symmetrically towards the minor axis), and flexure (asymmetric use of propeller
thrust) of the structural frame.

For the manoeuvres, in addition to the propeller loads, buoyancy loads, and gravity
loads are also specified. The inertia-relief condition is used to simulate the unconstrained
mid-air structural equilibrium.

The choice of airship length is a trade-off between its ability to generate sufficient
buoyancy and difficulties due to excess dimensioning such as assembly, transport, eco-
nomics etc. Three lengths, 26, 30, and 34 m are considered for the present study and
present a suitable range for environmental monitoring. For each length, L, a suitable
cross-section dimension, w is sought to guarantee the following requirements for each
operating condition described above:

A.  Maximum displacement: This is a trade-off between aerodynamic performance
(requiring minimal slenderness change) and avoid oversizing the material for high
stiffness requirements. Based on these two considerations a maximum displacement
value, equal to 100 cm is chosen [77].

B. Maximum stresses (Von Mises): Based on the tensile limits of the materials considered
for the structure. The tensile yield stress is 230 MPa for the Aluminium alloy, and
450 MPa for the Carbon/Epoxy composite.

C.  Vertical Equilibrium: Design should ensure that aerostatic buoyancy can sustain the
total weight of the airship.

The initial sizing of the airship is obtained by investigating the case of the airship
during hovering. The results for the hovering condition indicated that none of the ge-
ometries using the aluminium alloy guaranteed a convergence between ensuring vertical
equilibrium and not exceeding the structural limits of the material. In comparison, the
carbon/epoxy composite (HM) offers greater performance (see Figure 8a). For each airship
length L, the solid line represents cross-sections ensuring vertical equilibrium (satisfying
condition C), and the dashed line indicates cross-sections ensuring optimal structural be-
haviour (conditions A and B). Figure 8a shows an intersection of both lines at L = 30 m. For
L <30 m, buoyancy load is not sufficient to ensure the vertical equilibrium of the airship
and hence presents a range of values not suitable for the airship geometry. For L > 30 m,
the region between the dashed and solid line represents the lower and upper limits of
the cross-sections half-width, w, respectively. This region offers a wide range of solutions
for each length L. For any value of L within the region, when approaching the dashed
line, we get an airship geometry offering surplus vertical thrust, but with the structural
frame operating close to its material limits. This excess vertical thrust produced can be
balanced using ballast or by increasing the onboard payload. Similarly, approaching the
solid line, we get an airship geometry operating much safer compared to the material limits
but producing reduced vertical thrust. The vertical thrust produced is also deficient when
the airship lengths are increased further (L > 34 m). The results of the hovering analysis
show that for a structural frame made of carbon/epoxy composite (HM), the intersection
of the two lines (L = 30 m and w = 0.225 m) presents an optimal airship geometry. This
geometry is used for the remaining analysis as well.
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Figure 8. Structural analysis results: (a) hovering results showing airship geometries ensuring vertical equilibrium and

structural integrity, plotted as a function of airship length, L for a carbon/epoxy structural frame, (b) parking results

showing maximum displacement of the structural frame as a function of the landing leg position.

Results of the parking analysis (using carbon/epoxy composite, L = 30 m, and
w = 0.225 m) are shown in Figure 8b. For the parking case, the landing legs are placed
symmetrically with respect to the minor axis of the airship and the distance between the
legs is varied as a fraction of L. Figure 8b shows the plot of maximum displacement as
the distance between the legs is varied from 0.65 L to 0.95 L. The results show a decrease
in the maximum stress and displacement with an increase in distance between the legs.
Although the results indicate a high separation distance between the legs to be more
favourable (0.95 L), it introduces manufacturing and integration difficulties due to the
proximity with the vertical propellers. Therefore, a leg separation of 0.9 L is chosen as
an acceptable compromise between structural performance and vicinity to the vertical
propellers. This is further corroborated when investigating the case of a crash, where
even under higher vertical accelerations the selected geometry could withstand the loads
developed. The results of the parking and crash analysis demonstrate the effectiveness
of using a carbon/epoxy composite (HM) structural frame 30 m long and 10 m wide at
its maximum diameter (according to the selected slenderness ratio), with a cross-section
width of 0.225 m, in maintaining vertical equilibrium and operating within the structural
limits of the material.

The selected geometry faces a more rigorous assessment of its structural integrity
when performing the various manoeuvres using the active thrusters. The analysis using
active thrusters revealed that the descent manoeuvre is the most critical as it produced
the highest displacements in the structural frame. The results showed that for the various
manoeuvres, the maximum displacement and the stresses developed on the structure do
not exceed the structural limits of the material.

The final conclusions of the study are presented in Table 4. Carbon/epoxy composite
is seen to be the only viable choice for the structural material, with airship length L = 30 m
satisfying the conditions of vertical equilibrium and structural integrity. Also, lengths
L > 30 m offers a range of solutions allowing flexibility in the selection of the half-width, w.
The viable solution ranges for airship length and diameter, corresponding structural mass
and resultant buoyancy loads are shown in Table 4.

Table 4. Results of the structural analysis.

Length, L (m)

Cross-Section Width,

w (m) Max Diameter, D (m)  Structural Weight (kg) Buoyancy (N)

30.00-34.00

0.225-0.280 10.00-11.34 964-1527 15,210-22,141

4.3. Aerodynamic Considerations

For the design and sizing of the onboard propulsion system, it is essential to estimate
the aerodynamic characteristics of the platform, i.e., the aerodynamic forces developed
on the platform during relative motion with respect to the outside air. During platform
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hovering in calm air, it is sufficient to estimate the buoyancy, generated by the difference in
specific weight between external air and the gas enclosed in the envelope. However, when
the platform is in relative motion with respect to the air, the aerodynamic forces generated
can be classified as steady (e.g., when a body in uniform motion in a calm atmosphere), and
unsteady (e.g., in response to manoeuvres or in the presence of atmospheric turbulence).
Both cases must be evaluated during airship design. For the latter, it is possible to proceed
with a rough assessment based on the atmospheric situation in which the aircraft can statis-
tically operate and on the basis of the performance in terms of manoeuvring and control to
be obtained. In this way, the maximum values of the propeller thrust required, the relative
power of the electric motors, as well as their weights and consumption can be defined. For
the former, it is necessary to proceed with a precise assessment of the aerodynamic drag by
estimating the minimum drag coefficient of the aircraft. The evaluation of the minimum
drag in a steady situation is essential to proceed with the basic sizing of the propulsion
system: once the maximum allowable aircraft speed is defined, the aircraft drag can be
calculated, and correspondingly the required thrust. During calculations, an overestimated
value of drag force is used to provide an adequate safety margin to cope with some of the
unsteady situations such as manoeuvres, wind, atmospheric turbulence, etc.
The total aerodynamic drag is composed of several components:

1.  Skin friction drag, i.e., the resisting force caused by the loss of velocity of the air flow
that touches the surface of the envelope (boundary layer).

2. Pressure drag, i.e., the integral component in the speed direction of local distribution
of pressure induced by the velocity of the flow at different locations along the envelope.
This resisting force can be reduced by properly shaping the front part of the body
according to the flow lines.

3. For a non-axisymmetric flow, the induced drag must be considered as well. This
force derives from a difference in pressure between the upper and lower part of the
horizontal longitudinal plane, or between one part and the other of the vertical longi-
tudinal plane, which induces an increase in the velocity component perpendicular to
the upstream flow direction and a corresponding increase in the drag force.

An airship envelope is normally affected by all these drag components, being subjected
to a flow with typical three-dimensional characteristics deriving from complex whirlwinds
and associated strong transverse flows. The foregoing mainly takes into consideration these
forces, but it should be remembered that local pressures also produce moments around the
reference axes, which play a fundamental role in the control of the aircraft.

In the present design problem, as the envelope is a solid of revolution of length L,

maximum diameter D, volume Vol and external surface 4, it is possible to use Vol 5 or the
external surface A as the reference surface for the drag coefficient. Having defined the
slenderness A = L/ D, calculated using Young’s relations (valid for these types of bodies if
A < 10), there is a constant relationship between the drag coefficients of spindle-shaped
bodies:

Cpv = Cpa (A /Vol2/3) — 388 1/3 )

As a first approximation, the Hoerner formula can be used for calculating the drag
coefficient as a function of airship slenderness. The equation is valid for a prolate ellipsoidal
aircraft (i.e., ellipsoid rotated around its major axis) or similar bodies of revolution, and is
defined as

Cpv = Cr (4A1/3 L eAT/6 1 24)F8/3) @)

where Cr is the turbulent skin friction coefficient of a flat plate, which in turn is a function of
the Reynolds number Re. In the range of interest, a good approximation of this parameter is:

0.455 0.045
Cr= = 3
F (10810 Re)2.58 Rel/6 ©)
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Although this formula may seem like a rough extrapolation, it actually provides a
reasonable approximation for the drag coefficients of optimized bodies of revolution in
incompressible fluids, over a wide range of A. These relations have been validated through
wind tunnel tests for various asymmetrical bodies (with polygonal and circular sections) in
the interval 1 < A < 10.

A key limitation of this relation is related to the Reynolds number since the flow must
be turbulent on most of the aircraft surface for these relations to be valid. For a much lower
Reynolds number, the Cr equation gives an overestimation of the real result, as the laminar
boundary layer persists over a significant portion of the surface.

Based on these relations, an airship slenderness value of 3, which minimizes the
drag coefficient, is chosen for the preliminary design. Future works will include a more
elaborate aerodynamic evaluation using computational fluid dynamic (CFD) analyses
(resorting to the Ansys® Fluent software) to analyse the entire LTA platform. Such an
analysis will allow the parasitic drag due to the appendages, such as the gondola, the
landing gears, and the ducted propellers to be considered. These contributions are ignored
in the present assessment but must also be included for a more accurate assessment of
the total drag coefficient. The consideration of fluid viscosity is key in calculating the
three drag contributions stated above and an inviscid assumption would not be acceptable
for a fusiform shape such as that of the airship as the drag forces will be substantially
underestimated.

5. Onboard Energy System

The onboard power supply system of the airship is used to provide the energy required
to reach a specific mission location and carry out a series of surveys along a predetermined
area. In addition, it must power the flight controls, the various measuring instruments and
must cope with brief and sudden peaks in energy demand during in-air manoeuvres. The
current section investigates the selection and sizing of the onboard energy system based on
the mission requirements and geometry of the airship previously discussed. Specifically,
the power consumed by the control system (regulating the propellers” orientation using
electric stepper motors) is highly variable, thus a time average estimate of 2000 W is
chosen. For the propulsion, a simplified dependence on the airship mass is considered as
300 W/kg. Finally, the peak power consumption by the payload is estimated at 1000 W
(see Section 3.1.3).

5.1. Power Systems

Among the different technologies available for powering an airship, two are investi-
gated for the present design: fuel cell and batteries. These technologies are selected due to
their ability to provide sufficient power to carry out missions (duration of a few hours),
without the need to have power systems of excess size or dimensions.

5.1.1. Fuel Cell

A fuel cell is a device that converts the chemical energy of a fuel into electric power
and heat without the use of thermal cycles [82]. Hydrogen (H,) powered fuel cells convert
hydrogen and oxygen into electric power, heat, and water. Use of H; as the fuel reduces
the environmental impact due to lower CO, emissions [83]. Fuel cells are advantageous
from the point of efficiency, with values between 40-60% (depending on the temperature).
Among the different types of fuel cells commercially available, the polymeric electrolyte
cells (PEM polymer electrolyte membrane) are considered for the present study. The main
limitations of the fuel cell system are due to the use of hydrogen as a fuel; it is costly,
flammable, and difficult to store safely aboard the airship (requires low temperatures and
suitable storage structures).

The mass of a fuel cell system can be calculated with an initial estimate of fuel cell
efficiency. An efficiency of 45% (between 40% and 60%) is considered for the present
study. By comparing the performance of commercially available fuel cells, a specific power
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P;f = 500 W /kg [84], is also estimated. Using this data, the mass of the fuel cell can be
calculated using the formula

Total Power Required Py

M fuel cell = G pocific Power of Fuel Cell x Ef ficiency Pj}f X e

4)

where 77 is the efficiency of the fuel cell, and Py, is the total power required for the
mission. The mass of hydrogen fuel required can be calculated using Py, and flight time,
tf1ignt as follows

. Total Power Required x Flight time  Protal X tflight 5)
Hy, = > = sp
Specific Energy of Hp Ey,

where E;fz is the specific energy of hydrogen (E;r;2 = 33,330 Wh/kg). The weight of the
hydrogen fuel tank is also a key component of the fuel cell design and has also been
considered.

5.1.2. Batteries

Batteries are electrochemical energy conversion devices that use the chemicals stored
within the battery cover to produce electric energy. Lithium-ion batteries are considered
for the present study, as they are commonly used in the aeronautical field due to their
high energy density and good recharging capabilities [85]. They have an energy density
(or specific energy) that can reach as high as 300400 Wh/kg. Certain key limitations of
batteries include energy losses during charging and discharging phases, and electrode
wear (worsens as power use increases). The mass of the battery system can be computed
using the energy density, Epgsery = 250 Wh/kg [86] as follows

Total Energy Required Usorar

— pu— . 6
Mpattery Energy Density of Battery Ebattery ©

5.1.3. Supercapacitors

For handling stages of the cruise flight with above-average power peaks, e.g., during
manoeuvres, a supercapacitor (electrochemical double-layer capacitor (EDLC)) is used
for backing the primary power system. Supercapacitors have a high energy density,
high capacitance, fast recharge ability, high recharge life cycle, good reliability, and low
performance losses. The supercapacitor considered for the present study is assumed
to have a nominal discharge power of 3000 W/kg and weighs 0.5 kg. The number of
supercapacitors required for a mission can be calculated using the formula

B Peak Power _ Ppear
~ Nominal Discharge Power ~ P,y

nsc @)

The supercapacitor is assumed to have an efficiency of 0.95 and is designed to handle
power peaks (corresponding to 200% of the nominal power) occurring at time intervals
lasting 30 s for 7% of the flight time.

5.2. Sizing the Power System

The sizing of the power system is based on defining the energy required by the airship
to complete a given mission. Four design parameters are selected for the sizing study: cruise
speed, cruise altitude, airship length and envelope thickness. For a given combination of
these parameters, the airship weight, size, and power required for a specified mission can
be estimated. An iterative exercise is performed for the sizing where different combinations
of the four design parameters are iterated within certain predefined limits (see Table 5). A
minimum cruise speed is specified to allow the airship to reach reasonably distant mission
locations and the maximum limit is set to avoid considering airships of excessive size and
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weight. Increasing airship speed increases the aerodynamic drag and leads to larger energy
consumption. Consequently, this requires a larger sized energy system with a higher mass.
The values of survey speed and altitude are kept constant and are selected based on the
requirements of the onboard sensors. Table 5 describes the iteration range of some design
parameters as well as some operational requirements of the airship (based on Section 2.3).

Table 5. Design parameters and mission requirements used for sizing the power system.

Cruise Speed, Cruise Altitude, Survey Speed, Survey Altitude, Cruise Distance, 2
Survey Area, (m?)
(m/s) (m) (m/s) (m) (m)
14-22 500-1000 13 500 2 x 10* (max.) 107 (max.)

Those combinations of design parameter values that guarantee the achievement of
the mission requirements, i.e., cruise to the survey site, perform mission operations and
subsequent return, plus ensuring sufficient volume for supporting the airship, are deemed
viable solutions (see Table 5). Among the viable solutions, the one with the lowest weight
is deemed to be optimal. Additionally, the mission requirements are also iterated, i.e.,
different values for distance to the survey site (cruise distance) and survey areas are
considered, and an optimal configuration, minimizing airship weight and power required,
is calculated for each cruise length.

The results of the power system sizing are shown in Figure 9. The results show an
overwhelming convenience in using the fuel cell over the battery. The difference in weights
increases as the mission cruise distance increases. For lower cruise distance values, the
battery system could be more convenient for a lighter payload (<100 kg). However, even
under such conditions, this would be a relatively small distance range, and the weight
savings are rather limited (<10 kg). Therefore, the battery system can be realistically
considered useful only for a scaled demonstrator prototype and not for a fully-fledged, real-
scale LTA platform. The greater weight of the battery system is due to the lower efficiency
(low power to weight ratio). This also leads to an increase in the volume necessary to
guarantee the buoyancy of the aircraft, which in turn causes an increase in drag and
consequently in the electrical power to be supplied to the propulsion system.
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Figure 9. The plot of airship weight as a function of the distance to the survey site for a survey area
of 107 m? (10 km?).

Figure 10 shows a comparative weight breakdown of two airships: one using the fuel
cell system and the other using the battery system. These results correspond to a mission
cruise distance of 2 x 10* m and a survey area of 10’ m?. Considering the lengthiest option
among the range provided in Table 4, the fuel cell-powered airship has a total weight of
2163 kg. In contrast, the battery-powered airship reached a final weight of 2646 kg.
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Mass Breakdown: Total Mass = 2646 Kg
Payload 4%

Envelope fabric 9%

Ballonets fabric 1%
Propulsion subsystem 2%

Supercapacitor 2%

Battery 7%

Ballast 2%

I Payload = 100 kg

| ] Envelope fabric = 230 kg
[ Ballonets fabric = 30 kg
[ Propulsion subsystem = 44 kg
[ supercapacitor = 44 kg
[ Battery = 186 kg

[ IBallast=65 kg
[Istructure & other = 1948 kg

Mass Breakdown: Total Mass = 2163 Kg
Payload 5%

Envelope fabric 9%

Ballonets fabric 1%
Propulsion subsystem 2%

Supercapacitor 2%
Fuel Cells 1%

Hydrogen Tank 5%

Ballast 2%

I Payload = 100 kg

I Envelope fabric = 205 kg

[ Balionets fabric = 26 kg

I Propulsion subsystem = 40 kg
[ supercapacitor = 44 kg
I Fuel Cells = 30 kg

[ Hydrogen Tank = 106 kg

[ Ballast=53kg

[ Istructure & other = 1557 kg

Structure & other 74% Structure & other 72%

(a) (b)

Figure 10. Mass breakdown of the airship using: (a) battery, and (b) fuel cell power system.

The results of the sizing study indicate that the fuel cell system with compressed
hydrogen as the fuel is the optimal choice, in term of reducing airship weight and volume,
for long-duration missions with a large survey area. In contrast, the battery system is seen
to be more convenient for short duration missions involving small survey areas.

6. Propulsion and Control System
6.1. Propeller

The present section discusses the design of a propeller used for the propulsion of
an airship operating at low altitudes (tropospheric). Six propeller units are used in total:
two vertical-axis propellers for providing additional vertical thrust during climbing or
descent, and four horizontal axis propellers which are used for manoeuvring the airship.
Additionally, as the propulsion units are attached to the gas envelope, and not directly
to the gondola, the effects of any vibrations from the propulsion units are extensively
damped. This provides a relatively vibration-free environment for survey equipment
located in the gondola. The design of the propulsion system is also affected by the data
acquisition requirements of the various sensors used. For optimal data acquisition, it would
be preferable not to have any deviation from the predefined flight strip not larger than
~=£10 m (horizontally) and ~+3 m (vertically) [39].

The various design steps involved in the propeller design are reported here for the
reader’s convenience. A numerical model of the propeller is developed to evaluate pro-
peller performance for various blade geometries and operating conditions. This numerical
model is used in an iterative study to identify an optimal propeller design offering maxi-
mum efficiency and satisfying the operational requirements of the airship.

6.1.1. BEMT Design

The numerical model of the propeller is based on the blade element momentum
theory (BEMT) [87,88]. Using the propeller blade geometry and operating conditions as
input, the BEMT model can be used for predicting the aerodynamic performance of any
propeller design. BEMT derives from the union of two lower-order models, called blade
element theory and momentum theory, respectively. The blade element theory assumes the
entire 3-dimensional (3D) propeller blade to be divided into infinitesimal radial elements,
called blade elements, and 2-dimensional (2D) wing theory is used to analyze the flow,
and calculate the aerodynamic performance over each blade element. The momentum
theory assumes the propeller to be an actuator disk in a stream tube, imparting energy
and increasing the downstream pressure of the incoming flow. The BEMT model is solved
by equating the local aerodynamic force acting on an infinitesimal blade element at any
radial location, to the bulk momentum transfer through the elemental stream tube, to
obtain a system of non-linear equations with axial inflow factor, a, and swirl factor, b, as
the unknowns. These parameters represent the factor of increment in axial velocity and
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reduction in tangential velocity induced by the rotating propeller blade. Evaluating the
radial distribution of @ and b are key to evaluating the performance of the BEMT propeller
model. The aerodynamic data required by the BEMT model is calculated beforehand using
the software, XFOIL. The curves of coefficient of lift C;, and coefficient of drag Cp are
evaluated as a function of the angle of incidence «, and Reynolds number Re. Multiple
airfoil profiles are iterated, and the NACA 4412 profile is selected for the propeller blades
due to its superior aerodynamic characteristics.

6.1.2. Analysis and Results

The numerical model of the propeller is implemented in MATLAB. The propeller
blade geometry is described by a series of parameters which are passed as input to the
numerical model. Using the aerodynamic data and blade geometry as input, the system of
the nonlinear equation of the BEMT model can be solved to evaluate 2 and b. In the present
analysis, the equations are solved numerically in MATLAB using the non-linear least-
squares solver ‘Isqnonlin’, with a solution tolerance of 10~12. Once the radial distributions
of a and b are known, the aerodynamic forces acting on each blade element can be evaluated.
The total propeller thrust and torque can be calculated by integrating over the length of
the propeller blade. Propeller efficiency can be calculated as the ratio of output power
corresponding to the thrust and input power required to produce the torque.

Certain design parameters are used in sizing and optimizing the propeller and they
correspond to the shape and operational requirements of the airship. These parameters
include the minimum propeller thrust, Tj, required to keep the airship in motion at a
constant speed during nominal operating conditions, average cruise flight speed, V, and the
cruise altitude, z. The aim of the analysis is to identify a propeller design providing a thrust,
T > T,, and operating with maximum efficiency, 77, to minimize energy consumption.
Considering the proposed LTA platform with six propeller units, the values of the design
parameters considered are shown in Table 6 (based on Section 2.3).

Table 6. Design parameters used for sizing the propeller.

Total Airship Mass, (kg) Ty, (N) V, (m/s) z, (m)
2163 343.75 16 500

Certain key assumptions are used for simplifying the current analysis. The number of
blades, Ny, for each propeller unit is chosen as two. This maximizes the distance between
blades and reduces blade interaction with the distributed flow in the wake of another
blade. Also, the angle of incidence of each blade, «, is set as a constant along its span. An
initial analysis is performed using an iterative procedure, where propeller thrust, T, and
efficiency, 7, is evaluated as a function of outer radius, ., and angular velocity, w, of the
propeller. Other geometrical parameters of the propeller such as propeller hub radius,
Thup, Maximum chord length, ¢4y, hub and tip chord length, cj,,,;, and Ctips of the propeller
blades are kept fixed for this analysis and their values are detailed in Table 7.

Table 7. Geometrical parameters used for describing the propeller blade.

Thubs Cmaxs Chubs Ctips «,
(m) (m) (m) (m) (deg)
re/10 re/7.5 Crmax /2 Cax /10 7

The results of the initial analysis are shown in Figure 11. The results are shown as sur-
face plots, and for ease of interpretability, as isolines. It should be noted that not all regions
of the plots are of interest due to the constraints imposed by the design requirements. An
upper limit for ., of 1.5 m is used to avoid excessively long propeller blades and a minimum
thrust, T > T, is imposed to satisfy the minimum thrust condition. Implementing these
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constraints, the region of viable solutions in the T and # plots reduce, and the updated
plots are shown in Figure 12.
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Figure 11. Variation of propeller efficiency as a function of propeller outer radius and angular velocity: (a) surface plot, and
(b) isolines.
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Figure 12. Isoline plot presenting regions satisfying the minimum thrust condition: (a) propeller efficiency, and (b) propeller
thrust, as a function of r, and w.

Figure 12a shows that the highest propeller efficiencies are obtained when r, is large
and w is low, while higher values of the thrust are obtained when both 7, and w are high
(Figure 12b). Based on these results, a propeller with long blades and operating at low
speeds is identified as an ideal choice, due to its high operational efficiency. A secondary
iterative analysis is also conducted to study the effect of the maximum chord length, ¢4y,
and angle of incidence, &, on the propeller performance. As the greatest efficiency is
observed for large values of, r,, a constant value of 1.5 m is used for this new analysis.
Figure 13 shows the results of this analysis, where the propeller efficiency is plotted as
isolines and the minimum thrust condition has been enforced.
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Figure 13. Isoline plots representing regions satisfying the minimum thrust condition: propeller efficiency (a) as a function

of ¢yax and w, and (b) as a function « and w.

These results indicate that lower values of c;;5x produces greater efficiency, but with
a corresponding reduction in thrust. A similar relationship is observed for the angle of
incidence as well. Increasing «, increases Cr and Cp, leading to increased lift (greater
thrust) and drag (poor efficiency), respectively. Hence a suitable compromise between
propeller thrust and efficiency is required for the final design. Based on the two iterative
analyses, all propeller designs satisfying the minimum thrust condition are selected as
viable solutions, and the design providing the greatest efficiency is selected as the final
optimal solution for the propeller. The optimal propeller geometry selected is described in
Table 8.

Table 8. Optimized propeller parameters.

Te, w, Cmax, «, N T, Torque,
(m) (rpm) (m) (deg) P U (N) C(Nm)
1.5 500 0.15 6 2 0.847 353 127

The propeller is optimized to have maximum efficiency in horizontal straight flight
conditions (cruise) where it operates most of the time. Thrust can be increased for the same
propeller design by increasing the value of w, but with a corresponding drop in #. This
extra thrust is useful in the transitional phases of the airship, for accelerating the airship or
carrying out airship manoeuvres. The current design can produce a thrust of 2T, when w
is increased to 724 rpm. Figures 14 and 15 illustrate some of the characteristics of the final
optimized propeller design.
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Figure 14. Optimized propeller characteristics: (a) chord length, and (b) Reynolds number, along the span of the pro-
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Figure 15. Optimized propeller characteristics: (a) factors a and b, (b) lift and drag coefficients, along the span of the

propeller blade.

6.2. Thrust Vectoring

Instead of aerodynamic control surfaces, the proposed airship concept uses a system
of thrust vectoring propellers, suitably controlled to manoeuvre the vehicle with high
accuracy. The thrust vectoring (depicted in Figure 16) is designed to overcome the specific
limitations of conventional airships and to satisfy those operational needs that cannot
be achieved by other existing conventional flying systems. This particular configuration
requires specific procedures for the definition of some aerodynamic derivatives, which had
been developed in Gili et al. [89].

The two vertical axis propellers (at the two opposite ends of the airship major axis)
facilitate rapid climbs and descents. The four horizontal axis propellers can rotate around
their own axis. This feature makes the airship easier to control during forward or reverse
flight even at low speeds, less sensitive to lateral gusts (guaranteeing that heading direction
will always be coincident with the intended route) and reduces the turning radius required.
These aspects are important during the cruise phase between the take-off and target
locations, and especially during survey operations, to ensure stable and low-speed data
acquisition. During hovering, lift is produced by a hybrid system that combines the
buoyancy force due to helium and the vertical thrust of the vertical axis propellers. The
absence of aerodynamic control surfaces means that in any wind condition, hovering
can be performed with heading direction, while the airship weight is easily balanced
by thrust vectoring the propellers. The propellers ensure good yaw control even with
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no wind and the presence of symmetrically located propellers avoids the typical rolling
moment observed in conventional airships having propellers only at the tail. Again, all
these aspects are necessary for stable and uninterrupted data acquisition. The specific
longitudinal, lateral, and directional control law can be found in Battipede et al. (2004) [90]
and Battipede et al. (2006) [33]. The thrust vectoring configuration is also useful in the
event of failure, as it allows the machine to remain operational (in “reduced functionality”
mode) even with the loss of one or two motors [55].

The Forward Propellers can rotate around their axis,
This feature makes the LTA platform less sensitive to
the lateral gusts.

=

Forward
Propeller

Forward
Propeller

Vertical Axis
Propeller

Vertical Axis
Propeller

Forward
Propeller

Forward
\ Propeller

1- L

The Vertical Axis Propellers
allow rapid climbs and descents.

Figure 16. Illustration of the airship propulsion system with thrust vector control.

With respect to conventional airships, landing operations only require a landing site
diameter roughly equal to the airship length. Furthermore, landing can be performed with
the heading independent of the wind direction. The operation is also facilitated by the
retractable landing gear system, constituted of rods connected to a helicoidal gear, which is
connected to the airship’s rib.

Finally, the envisioned platform is not expected to operate in bad weather conditions,
as good natural illumination is essential for good quality data acquisition; yet, in case of
necessity (e.g., after a seismic event, or during a flood), thrust vectoring allows airship
operations in conditions otherwise impossible for standard propulsion and control systems
(tenths of knots wind, low intensity rain).

7. Ground Station

The mobile ground station (MGS; see Figure 17a) is intended to fit into a commercial
camping vehicle (specifically equipped and modified for the purpose), based on the design
proposed in Battipede et al. (2005) [71]. It can host both the control and pilot stations (CS
and PS, respectively). The PS is located in a cabin placed on a moving platform that can
be lifted over the camper roof, providing the pilot with a 360° view of the airship when
in visual line of sight. Beyond VLOS, the tracking system for the airship is based on a
directional antenna, potentially with satellite communications included.



Remote Sens. 2021, 13, 2523

29 of 37

Mobile Ground Station

e = = § i Thrust lever #1:
For herizontal
= propulsion
. —) Joystick:
- I ||~ For yaw, pitch,
- = T and roll
[ B %,
= "o ] . .. \
o o Thrust lever #2:
For climbs and
descents
(b) (c)

Figure 17. (a) the MGS with the details of the PS and CS, (b) the virtual cockpit, and (c) the
flight controls.

The MGS also consists of additional instruments such as: a GPS receiver, a radio
transmitter, a microwave data radio, and two human-machine interface (HMI) systems.
The HMI in the pilot station is largely derived from the future operator console system
(FOCS), designed and integrated by Galileo Avionica, and consists of three monitors
dedicated to the onboard and ground real-time cameras, the 3D virtual third-person view
from behind the platform, and the virtual cockpit, respectively (see Figure 17b). The
flight controls consist of a joystick and two thrust levers (Figure 17c). During airship
activities, while the PS is responsible for sending commands to the airship, the CS receives
all diagnostic signals from the onboard sensors (e.g., the engine speed, altitude, position,
angle of pitch, and gas pressure) and can download the acquired data (or a part of them).
The acquisition of real-time diagnostic data guarantees the online risk assessment, which is
particularly useful during the preliminary development of the whole system and/or in
test flights.

Therefore, the ground station HMI can provide the user with real-time sensory and
flight data visualization, mission programming and mission control interfaces, and on flight
setup of control system parameters, etc. The ground station computer will also be used for
flight data storage, data visualisation, and post-flight data playback. The ground station
communicates to the onboard CPU through two radio links; one to transmit analogical
video imagery from the airship to the ground, and a second, composed of a pair of spread
spectrum radio modems to transmit digital command data and sensor telemetry between
the stations. The integration with a command and control center can also be achieved. For
specific purposes, ship or aircraft-based remote-control stations may be deployed. Such
stations operated based on the technical solution described above has already proved to be
reliable and efficient in [71].
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8. Cost Analysis

The present section provides a brief assessment of the various costs expected over the
operational life of the airship. Costs related to production, regular operation, maintenance,
and logistics have been discussed. The initial design and development of various airship
prototypes are also expected to contribute to the overall cost, but they have not been
discussed in the present work.

8.1. Expected Production Costs

The recurring production cost per unit of the proposed unmanned LTA platform
is expected to be in the range of 0.8-1.4 million euros (M¢f). The non-recurring costs
associated with the design, development, integration, and certification are not included.
The costs of the payload and the ground station are also not included. The platform can be
designed to be integrated with new and/or existing ground stations and can be equipped
with various payloads, available on the market and selected according to the specific
mission requirements.

The low production cost is one of the key elements which allows the proposed LTA
platform to be very competitive on the international market in specific market sectors. The
final market price is expected to be 1/6 to 1/3 with respect to the price of existing platforms
used for similar applications.

8.2. Expected Operative Costs

It is very difficult to assess the economic aspects of the prototype technology since
survey costs vary greatly from country to country and depending on other economic and
practical aspects. Many variables can affect the operating costs for a given type of platform.
These estimates may represent varying durations of operating time, various configurations
(basic versus configurations with optional equipment), different types of costs (fixed versus
variable, direct versus indirect), may include different types of maintenance costs (heavy
maintenance, labour costs, consumables) and similar platforms of different age groups.

For instance, according to the estimates reported in Koska et al. [27] (2017, Czech
Republic), the cost of UAV photogrammetry surveying is about 300-700 EUR per km?
depending on many practical factors. The LiDAR survey of the same area is indicatively
600-1400 EUR per km?. Therefore, only a qualitative rough estimate of the hourly cost is
given. For a more detailed discussion, as already mentioned in Section 1.3, Matese et al. [49]
compared the cost-effectiveness of UAV, Aircraft and Satellite Remote Sensing Platforms
also in terms of surveying costs.

The innovative architecture, the technical characteristics, and the performance of the
proposed airship are such to ensure significant operational cost or effectiveness with respect
to existing platforms used for similar applications. In particular,

e  Energy consumption for airship flight is far lower than for aircraft and helicopters, on
a per hour or per nautical mile basis.
Strong reduction of operation cost for ground infrastructures and operator training.
Long endurance, including hovering.

A qualitative comparison of the operating cost of the relevant platforms for large scale
ground monitoring is shown in Figure 18.

For comparison, the helicopter alternative is very flexible and effective but largely
exceeds acceptable cost limits when long endurance is required, even over small areas.
The fixed-wing aircraft shows reduced cost with respect to the helicopter but presents a
high cost in case of wide areas of interest. UAVs can provide some cost reductions but also
shows high operational costs for missions requiring long endurance and heavy payloads.
Satellite-borne observations provide good performances, when operable, but also have a
very high cost.
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Cost comparison between platforms

rotorcraft

fixed wing aircraft

Operating costs

Proposed LTA
Platform

Square km of surveilled surface

Figure 18. Qualitative cost comparison between platforms, according to the surveilled area.

Based on the above considerations, a target hourly cost in the range of 600-900 euro/hour
(€/h) is a firm design requirement for the proposed RPAS LTA platform. This constitutes
just 1/4 to 1/3 of the hourly cost of existing fixed and rotary-wing aircraft performing
similar missions.

8.3. Expected Maintenance Costs

The costs associated with the scheduled maintenance of the proposed platform are
estimated to be in the range of 2-4% of the total platform cost per year and include helium
refilling (estimated 2% per week) and helium washing every 6 months. These costs are
included in the hourly cost of the previous paragraph. Similar costs for other platforms are
expected to reach (indicatively) 7% per year.

8.4. Expected Logistic Costs

The storage and ground handling of airships and similar large inflatable flying struc-
tures, including take-off and landing, requires dedicated infrastructure and specific equip-
ment and tools. Although infrastructure is not required during airship operation, hangar
storage is needed for home basing, helium washing and refilling and for conducting major
maintenance activities. While airships can operate independent of airfields, some potential
disadvantages, operational limitations, and logistics constraints exist for conventional
airships.

The existing conventional airships show strong operational limitations, mainly due to
the poor efficiency of the conventional control system, even for standard manoeuvres and
light gusts. Some of these limitations, like the limited manoeuvrability and flight envelope,
the sensitivity to lateral wind, the wide ground surface and the ground crew required for
take-off and landing, have a significant impact on the logistics costs. The thrust vectoring
system introduced overcomes these operational limitations of conventional airships, with
a consequent reduction in logistic costs.

9. Discussion

In the previous sections, the preliminary design of the proposed RPAS LTA platform
has been detailed. Table 9 summarizes the main aspects of the final design as envisioned
for the fuel cell-powered version, which is found to be the most cost-effective solution.
These are specified in the requirements identified in Section 2.
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Table 9. The final design for the LTA platform.
Length Max Diameter, Structural and Max Speed, (m/s) Max Flight Propulsion and Control
(m) (m) TotalWeight, (kg) peed, Altitude, (m) System
2 (1.5 m-long) blades per
. . ropeller,
1527 (structural) 22 (cruise) 13 1000 (cruise) P
34.00 11.34 2163 (total) (survey) 500 (survey) 4 forward propellers,

2 vertical axis propellers,
353 N thrust per propeller

Mission
Requirements

L 4

As stated in Section 4, the design of an airship is a multi-disciplinary optimization
problem involving multiple interdependent subsystems. Figure 19 gives a general layout
of such an optimization scheme. The optimization procedure aims to size the airship
subsystems with the objective of minimizing airship mass and ensuring sufficient airship
volume required for operation. The design of the RPAS LTA, described in Sections 4-6, is
based on this scheme, but for a fixed set of mission requirements.

P —
)
Structure
( ) Subsystem
Payload NO
N Propulsion Evaluate
Subsystem Convergence
( )  —
Design
Conditions )
/ Energy
Subsystem
N /

Figure 19. Flowchart of the procedure followed for the multidisciplinary design.

A more general code for the automatic multidisciplinary design, based on the scheme
of Figure 19 and considering all the several aspects as a function of the mission require-
ments, is currently under development.

10. Conclusions

For remote sensing, satellite and drone-based acquisitions represent the most common
UAS-based technologies as of today. However, the use of satellites is significantly limited
by clouds, time-revisit period, and lack of accuracy at the scale of urban areas. Satellite
imaging is costly and limited by long visit cycles and delivery time. The spatial resolution
is not accurate enough for many urban or local level applications. On the other hand,
fixed and rotary-wing UAVs simply lacks the autonomy to be cost-efficient over areas
larger than a few hectares. Operating manned aircraft and rotorcraft can be expensive and
inconvenient due to their limited fuel efficiency and range, which also necessitates access
to an airfield or landing pad relatively close to the survey site.

An RPAS LTA platform is here envisioned as an intermediate solution for urban and
rural small or medium-scale monitoring, with long endurance and high payload capacity,
allowing multi-sensor acquisitions. Apart from its intended original uses (land use or
land cover survey), the proposed airship can be easily and rapidly retrofitted for similar
purposes related to environmental monitoring such as infrared-based air composition and
pollution monitoring or limnological and mineralogical surveys and studies.
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The aim of this paper was therefore to assess the feasibility of using such an airship for
these intended goals. A preliminary design was proposed in this sense, to accommodate
a range of sensors, selected according to their potential uses for fine mapping. Beneficial
synergies have been also considered during the payload design phase. e.g., HD video
and thermometric cameras cover the electromagnetic wavelength range uncaptured by
VNIR and SWIR hyperspectral sensors; all the large-spectrum information can be then
used in combination for better LULC classification. Based on the derived payload weight
and energy consumption, the structure, as well as the propulsion and control systems have
been properly sized. The costs and the airship performances have then been evaluated
accordingly, allowing as well to discuss its potential convenience in comparison to the
other standard remote sensing systems.

In conclusion, the envisaged design proved to be feasible with the current technologies.
The concept was found to be potentially cost-efficient for remote sensing applications over
the intended medium-sized areas, even carrying a large, relatively heavy, and power-
demanding array of sensing devices. These findings suggest that the proposal is viable
from both an economic and an engineering point of view.

More specifically, a generic LTA platform for land monitoring can ensure:

- Increased operational effectiveness for spatial and time coverage (long-endurance,
including the possibility to hover, not depending upon aerodynamic lift)

- High payload capacity, adapted for multi-sensor acquisition

- Easy adaptability to specific customer requirements

- Allows for a more versatile deployment than manned aircraft

- Ecological compatibility (low chemical and noise emissions)

- Possibility to operate at low or medium heights

- Possibility to operate at low speeds for better surveying

- Suffer lower levels of turbulence than other higher-than-air aircraft platforms

- Suffer less mechanical vibrations, especially damped by the non-metallic envelope

- Allow more stable acquisitions, with better resolution and lower noise levels within
signals

- Highly survivable LTA envelopes in case of damage

- Relatively low acquisition, operation, and logistic support cost

- Therefore, major cost efficiency per surveyed area with respect to direct competitors
on the urban scale (up to ~10” m?)

The use of a remotely piloted system also negates any risk for the personnel, while re-
ducing dramatically the required buoyancy and therefore envelope volume. The proposed
geometry and thrust vectoring system also add to all the other specific benefits described
in the dedicated sections. Importantly, the deleterious effects of the engine vibrations are
expected to be less severe than in other aircraft solutions with more rigid structural parts.

A significant issue concerning the RPAS is the airworthiness certification for civilian
use. The LTA RPAS are expected to achieve the airworthiness certification well in advance
with respect to the fixed and rotary wing RPAS of the same size and payload capabilities.
Future works will focus on the use of the acquired data and how to combine the georefer-
enced quantities measured from different sensing devices in the most informative way, by
employing sensor fusion strategies.
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