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Abstract: Despite the increasing demand of Unmanned Aerial Vehicles (UAVs) for a wide range of
civil applications, there are few methodologies for their initial sizing. Nowadays, classical methods,
mainly developed for transport aircraft, have been adapted to UAVs. However, these tools are
not always suitable because they do not fully adapt to the plethora of geometrical and propulsive
configurations that the UAV sector represents. Therefore, this work provides series of correlations
based on off-the-shelf components for the preliminary sizing of propulsion systems for UAVs. This
study encompassed electric and fuel-powered propulsion systems, considering that they are the most
used in the UAV industry and are the basis of novel architectures such as hybrid propulsion. For
these systems, weight correlations were derived, and, depending on data availability, correlations
regarding their geometry and energy consumption are also provided. Furthermore, a flowchart for
the implementation of the correlations in the UAV design procedure and two practical examples are
provided to highlight their usability. To summarize, the main contribution of this work is to provide
parametric tools to size rapidly the propulsion system components, which can be embedded in a
UAV design and optimization framework. This research complements other correlation studies for
UAVs, where the initial sizing of the vehicle is discussed. The present correlations suit multiple UAV
categories ranging from micro to Medium-Altitude-Long-Endurance (MALE) UAVs.

Keywords: unmanned aerial vehicles; electric propulsion; internal combustion engines; jet engines;
preliminary design; aircraft design; battery technology

1. Introduction

At early stages of design, where the airplane layout is not well established yet, a
large spectrum of aircraft configurations remains a feasible design option. In this way,
the large amount of architectures to be assessed at conceptual and preliminary design
phases has encouraged the employment of parametric and semi-empirical models due to
their rapid implementation and moderate computational cost while maintaining accurate
results [1,2]. In this sense, the conception of civil airplanes has historically relied on well
documented parametric models, semi-empirical correlations, and technical criteria, which
have been derived from statistical data of operative aircraft [3—6]. Along the years, these
correlations have been enhanced by including the recent advances in technology, which has
enabled to assess non-conventional aircraft models (e.g., Blended Wing Body aircraft) [7,8].
Furthermore, under certain considerations, these correlations have been firstly adapted
and then employed for the conceptual design of unmanned aerial platforms that generally
fit in the category of High-Altitude-Long-Endurance (HALE) Unmanned Aerial Vehicles
(UAVs) [9-11]. However, their applicability on the design of other UAV categories (specially
medium, small, and micro) could lead to over- or underestimate the aircraft components
since UAVs employ different design trade-offs compared with transport aircraft [12].

In this context, the design of UAVs requires a personalized research to establish
appropriate correlations that encompass the large spectrum of UAV categories. This
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could allow sizing the different aircraft systems, e.g., propulsion, weight, and geometry,
in a more rapid and accurate way while considering the UAV’s design requirements
and performance constraints. In this sense, various authors have developed empirical
correlations for conceptual and preliminary design based on statistical analysis of databases
for different categories of UAVs [12-16]. These studies present several design charts and
correlations that combine key parameters such as wing loading and power loading as
functions of the payload mass or the vehicle’s endurance. Therefore, these correlations
enable defining other initial characteristics of the UAV such as power and thrust required,
initial take-off mass, wing reference area, and rough estimates of the airplane dimensions.
Regarding the sizing of UAVs’ propulsion systems, Gur and Rosen [17] introduced several
correlations for the energetic assessment and weight estimation of electric brushless motors
and Li-Po batteries, while Bershadsky et al. [18] exhibited correlations for electrical sizing
of brushless motors, electronic speed controllers, and batteries commonly used in multi-
rotors. Although the aforesaid approaches are useful for small UAVs, they lack of data for
larger vehicles, and, hence, they are biased to a small spectrum of UAV configurations. For
instance, Bershadsky et al. [18] limited the study of battery packs to 22.2 [V].

In similar fashion to electrical systems, there are few studies about the preliminary
sizing of fuel engines focused on UAVs. In this way, Schoemann and Homung [19] provided
a semi-empirical model to size piston engines for hybrid propulsion systems. However,
their application involves a large number of engine parameters, most of them unknown
at early design stages, which make them unsuitable for preliminary studies. On the other
hand, Cirigliano et al. [20] exhibited correlations to estimate weight, size, and specific
power of Internal Combustion Engines (ICE) and turbine-based engines derived as power
law functions; nevertheless, the range of power output varies from 102 to 10° [KW], which
make these correlations adequate for really large and heavy UAVs. Turbine-based engines
have been studied more deeply for civil aviation; for example, various correlations for
weight estimation and their geometrical sizing can be found in [1,3,21]. Meanwhile, in [22],
the performance data of more than 1000 turbofan and turbojet engines are compiled in an
extended database for thrust values ranging from 10* to 5 x 10° [N]. Nonetheless, micro,
small, and Medium-Altitude-Long-Endurance (MALE) UAVs employ power systems
ranging lower than the aforesaid power and thrust ranges [9,10,23]. Thus, the above
correlations and performance data cannot be implemented to set the design space of
smaller UAV configurations. In this paper, the power output ranges from 10~ to 10? [KW]
and the thrust generated varies from 10! to 10* [N].

This work focuses on compiling a robust database of off-the-shelf components, cov-
ering a wide spectrum of UAV configurations, to enable the derivation of empirical cor-
relations to size propulsion components at preliminary design stage. In this way, the
commercial availability of these components can be accounted when optimization routines
are implemented in the design of propulsion system. Hence, the importance of this work
lies on complementing other correlations studies [12-20], since it can be embedded on UAV
optimization and design routines to set preliminary aircraft parameters and determining
their feasibility arranged in a certain configuration and based on market availability. This
feature has been found of major importance in the optimal integration between airframe
and propulsion systems for different UAV designs, since designers or hobbyist employ
off-the-shelf components due to their low cost to set the energy—propulsion configuration.
Figure 1 shows the types of propulsion systems and the components that are explored
in this work. The proposed correlations are mainly focused on determining the prelimi-
nary weight and geometrical features of the propulsion components based on other UAV
requirements regarding the mission planning stage.
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Figure 1. Propulsion systems for UAVs addressed in this work.
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2. Mission Requirements and UAV Categories

The present correlations encompass two main UAV types: electric and fuel-powered.
In respect to the UAV categories, the proposed correlations are valid for a wide spectrum
of categories, ranging from micro UAVs to MALE and even HALE UAVs. For example,
micro UAVs are generally powered by electric brushless motors and batteries; therefore,
the correlations proposed for electric propulsion system components could be employed
for the design and assessment of this UAV category. On the other hand, MALE and HALE
UAUVs are generally powered by fuel engines such as turbojet or piston engines; therefore,
the correlations derived for fuel-based propulsion systems could be employed. In addition,
the proposed correlations could be also employed for the sizing of novel propulsion
architectures such as hybrid propulsion, as in [24], where the proposed correlations are
employed in the propulsion system modeling of a MALE hybrid-electric UAV. Regarding
to UAV configurations, the proposed correlations are not limited to a specific type of UAV
layout. In contrast, they are suitable for a variety of UAV layouts; for instance, multi-
copters, fixed-wing, flying taxis, blended-wing-body, etc. To exemplify this, let us consider
a multi-copter UAV, which can be powered by electric motors or fuel engines, depending
on the mission type and the payload on board. Consequently, the decision on using the
correlations for electric or fuel-based systems depends exclusively on the UAV designer or
design team.

Respect to the UAV mission requirements, the proposed correlations are mainly linked
to the following design requirements: the maximum take-off mass, the flight altitude,
the propulsion system type (if specified in the requirements), volume constraints (if any).
The relationship between the maximum take-off mass and the proposed correlations
is clearly evident, since correlations to determine the mass of electric and fuel-based
propulsion system components are provided. The design requirement of flight altitude
could play a key role in the selection of internal combustion engines, for example. As
shown below, correlations for ICE engines for low /medium and high altitude have been
derived separately. Other design requirements such as available volume can be linked with
the correlations proposed to determine the geometric features of some propulsion system
components. The aforementioned mission/design requirements are provided only for
reference. The UAV designers should be capable of integrating the proposed correlations
with additional mission/design requirements, depending on their needs. In the following
sections, the usability of the correlations and their implementation with other design tools
is illustrated.
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3. Methodology

The sizing correlations presented in this work are the result of a systematic data analysis
based on the methodology presented in [14-16]. At the initial stage of this research, an
extensive survey of different propulsion architectures for various vehicle configurations was
carried out. These data reveal the existence of a wide spectrum of power plants for unmanned
aircraft, ranging from fuel- to electric-based propulsion [23,25-29]. For the components of
the systems presented in Figure 1, an exhaustive data gathering of off-the-shelf devices
was developed to generate structured databases that integrate both design parameters and
operational characteristics. The information used in the analysis was collected from state-of-
the-art catalogs, online stores, and specialized forums. To ensure an accurate correlation, the
dispersion of the data was constantly monitored through Cook’s distance criteria [30], which
were employed to assess the influence of a specific observation in the regression analysis [31].
This principle allows avoiding deviations that affect the distribution of the parameters plotted
along the range of study. The Cook’s analysis was found to be very useful for the obtained
correlations, since market trends and consumer preferences create a non-uniformly dispersed
database, as observed in Section 4. The data analysis was performed in three sequential
phases. Initially, the datasets were preliminary evaluated using techniques for classification
and data visualization, following the approach described by Alulema [31], who removed
outlier and leverage points using the Cook’s distance.

To describe the implementation of the present correlations for preliminary sizing
of UAV propulsion systems, a flowchart describing the variables and inputs required is
depicted in Figure 2. As observed, the geometrical and weight correlations (depicted in
blue) enable propulsion component sizing, and, since they are determined by using an
extensive off-the-shelf database, they allow a refinement of the conceptual models and
reduce the design space of potential solutions setting up their feasibility. This latter aspect
is very important in preliminary design of UAVs, as the spectrum of UAVs architectures is
usually very wide, making the determination of conceptual configurations cumbersome
and unreliable if actual components are not considered.
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Figure 2. Schematic flowchart for implementation of empirical correlations.
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4. Results and Discussion

This section compiles the correlations found for electric propulsion systems, which
are based on a previous work [31], and the correlations for fuel-based propulsion systems.

4.1. Electric Propulsion Systems

As presented in [17,18,32], the main components of an electric propulsion system
(conventional or hybrid-electric) are the electric motor, the electronic speed controller
(ESC), the battery, and the propeller/fan. This section covers the formulation of sizing
correlations for cells and batteries, electric ducted fans, and brushless motors (outrunner
and inrunner). Propellers and ESCs were not included in this analysis since information
regarding these devices is widely available on the open domain (technical info of propellers:
https:/ /www.apcprop.com/technical-information/; performance data of propellers:
https://m-selig.ae.illinois.edu/props/propDB.html) and their weight can be neglected
when compared with batteries” or electric motors” weight [18].

4.1.1. Cells and Batteries

Batteries are the key components of electric propulsion systems since they supply the
energy required to run the motor and other electric/electronic components for navigation,
control, and data acquisition [33]. The battery manages the performance of the UAV because
it contributes significantly to the total weight of the UAV and plays an important role over
the flight time (endurance), which depends directly on the battery capacity (Cpgttery) and
UAV Take-Off Gross Weight (TOGW) [34]. For electric air vehicles, there are different
battery types in terms of chemistry which are reported in the literature [29,35,36]. The
electrical modeling and advantages and disadvantages of these devices are well reported
in previous works [37-39], and, hence, these topics are not explored in the present work.
Instead, this section aims to present a sort of correlations for weight estimation of unitary
cells and battery packs for the following battery chemistry: Li-Po, Li-ion, LiFePO4, NiCd,
and NiMH.

In this study, three characteristics of cells and batteries are evaluated: capacity Cy,
voltage, and weight W,,;. In respect to unitary cells, Figure 3 illustrates the data collected
from different manufacturers plotted in a logarithmic scale, while Table 1 presents the
regression coefficients and the number of observations (1) in each dataset. The database
developed for this purpose includes: prismatic, flat, and cylindrical cells. It is important
to mention that these data consider the wiring weight, envelope material, and insulation
covers. Moreover, as shown in Table 1, the coefficient R> shows good agreement with the
data gathered (higher than 0.9 for all types of cell chemistry). The capacity of the unitary
cell was selected as independent variable as it offers a direct link between the commercial
selection of batteries and various performance characteristics such as endurance and
range [34]. The range of capacity for each type of cell (internal composition) can be
appreciated in Figure 3, but, in general, this study addressed battery cells from 30 [mAh]
to 500 [Ah] of capacity. It is important to note that, to make more generic the proposed
correlations, the modeling was defined for one cell, which then can be extrapolated for the
case of a larger number of cells. The present correlations intends to facilitate the studies
over the performance of electric powered UAVs as a function of different characteristics
from these power sources such as battery internal composition, voltage (number of cells
connected in-series), and capacity (number of cells connected in parallel).

Since Li-Po cells and Li-Po batteries are the most utilized in micro, small and MALE
commercial UAVs, they were further studied to offer a better description for different cell
arrangements. The data collected were plotted in two separate figures for facilitate their
visualization and to divide the analysis in two main categories. On the one hand, Figure 4a
groups Li-Po battery that are commonly used by RC (remote control) and FPV (First person
view) micro and small UAVs, while batteries in Figure 4b are the most oriented to larger
UAUVs that require higher values of power. Table 2 presents the regression coefficients
obtained from the aforesaid plots and the number of observations for each number of
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LiPo battery cells. Similar to unitary cells, correlations to determine the mass of a LiPo
battery Wy, p, as function of its capacity Chuattery Were derived. As observed in Table 2, the
regression coefficient R? indicates a good fitting between the data gathered and the power
law model.

Table 1. Regression coefficients for unitary cells. We,; = A - Ceoy B [31].

Type A B R? h Viominal [V]
Li-ion 0.0635 0.8627 0.9644 77 3.7
Li-Po 0.0446 0.9273 0.9696 241 3.7
LiFePo4 0.0306 1.0031 0.9918 64 3.3
Ni-Cd 0.1524 0.7813 0.9237 73 1.2
Ni-MH 0.0349 0.9095 0.9439 66 1.2

3 o— Li-ion
1 o— Li-Po
] o— LiFePO4
1 o— Ni-Cd

o— Ni-MH

Lol

10! -
100
T T LA | T T """l‘ T T LA | T T LA | T T T
10 10 10t 10°
Cleyr [mAhR]
Figure 3. Weight of unitary cells (W) as function of the cell capacity (C.;) [31].
4><103': 6x10° 4
103 .
<10 5 =
= =
10° 1
10" 4
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10 10 10t 3 x 10° 10 2.2 x 10
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(a) micro and small UAVs (b) larger UAVs

Figure 4. Weight of LiPo batteries (W, p,) as function of the battery capacity (Cpatery) [31]-
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Table 2. Regression coefficients for Li-Po batteries. W, , = A-C B 31].

battery

Neolls 28 3S 48 58 6S 78 8S 9S 108 125
A 0.1224 0.1931 0.2828 0.2777 0.3988 0.8657  0.2975 0.3564 0.7246 1.0378
B 0.8963 0.8874 0.8744 0.8993 0.8810 0.8081 0.9512 0.9443 0.8715 0.8562
R2 0.9723 0.9741 0.9763 0.9509 0.9761 0.8553 09527  0.8423 0.9434 0.9675
n 719 620 440 141 346 43 51 21 47 31

4.1.2. Electric Ducted Fan (EDF)

EDFs are propulsive components that generate thrust because of the pressure dif-
ference between the flow intake and exit station. Since these devices operate at high
RPM, they also demand less torque compared with simple propellers while generating the
same amount of thrust with less power. Moreover, the differences in performance of both
propulsion systems have caused that EDFs are modeled in a different way [40]. Firstly,
higher rotational speeds and lower torque demand the employment of brushless inrunner
motors [41] unlike propellers that are commonly associated with outrunner motors. These
assumptions were taken into account when establishing the correlations that associate key
preliminary characteristics of a EDF presented in this section. For this, compiled data from
different sources (EDF by brand: https://www.turbines-rc.com/en/127-edf-by-brand)
result in a database of 270 ducted fan units from 12 different manufacturers that includes
EDFs manufactured with plastic, aluminum, steel, and carbon-fiber parts. Considering that
the function of an EDF is to generate thrust, the maximum static thrust (T [N]), provided
by manufacturers, was defined as the independent variable. This assumption was also
used by Isikveren [1], who presented correlations to determine the weight, diameter and
length of large turbofan engines. According to the authors of [40,42,43], the maximum
static thrust specified by manufacturers can be assumed as the thrust required for take-off
or can be calculated using the approaches presented in [40,44].

Figure 5a introduces a correlation to determine the voltage constant (KVot0r) of a
brushless inrunner motor as a function of the maximum static thrust, while Figure 5b
provides a correlation to estimate the power that a battery must supply to an electric motor
(Pi, [W]) in order to generate a certain amount of thrust. On the other hand, Figure 5c
present two correlations to determine the weight of the EDF (Wgpr [g]) from two different
perspectives (Equations (1) and (2)). The former equation allows calculating the weight of
the EDF from the maximum static thrust that the fan generates, while in the latter equation,
the EDF weight is estimated from the voltage constant of the electric motor, which implicitly
involves the number of RPM of the fan and the voltage that is supplied to the electric motor.
Finally, Figure 5d presents a correlation to size the duct diameter (Dgpr [cm]) as function
of the weight of the EDF. For all of the proposed models, the coefficient R? shows good
match between the power law and the data collected. The gathered data also reveal some
particular features of electric ducted fans. For instance, two EDFs of the same diameter
and weight can generate different amounts of thrust depending on the KV's of the electric
motor. Similarly, two EDFs powered by the same electric motor can generate similar values
of thrust and weigh differently depending on the diameter of the duct and the number of
fan blades.

Wepr = 24.116 T 981 R? = 0.8770 1)
Wepr = 441,839 KV, 0271 | R?* = 0.8225 )
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Figure 5. Sizing correlations for EDFs from 2 to 250 [N] of maximum static thrust. n = 270 [31].

4.1.3. Electric Brushless Motors

Brushless motors are other key component in electric propulsion systems since they
convert the electrical power stored in the battery into mechanical power [17,18]. The
authors of [41,45,46] thoroughly described the electrical modeling and performance of such
devices. However, for the preliminary design of electric-powered UAVs, general properties
of the electric motor (e.g., weight, power, and motor constant) are of greater interest.
The authors of [17-19] presented some correlations to determine the weight, diameter,
no load current, and internal resistance of the electric brushless motor; nevertheless, the
accuracy of those correlations is questionable because of two factors: the really low value
of the coefficient of correlation R? (where provided) and the number of data points and
manufacturers included in those analysis. Similar to previous works [17-19], the motor
constant (KVj,ot0r) was defined as independent variable for this study, since it offers a direct
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link between the commercial selection of brushless motors and the number of RPM of the
propeller and the voltage of the battery that powers the electric motor.

To determine highly accurate correlations, several approaches were evaluated in this
study. The first approach was to establish a robust database that enables various statistical
analysis. For this, data were collected from 12 manufacturers of outrunner motors and
from 10 manufacturers of inrunner motors. Initially, a global correlation that encompasses
the whole range of the motor constant was determined; nonetheless, the coefficient of
correlation was lower than 0.5. Other approaches were to determine correlations for groups
of manufacturers, segment the range of study, and vary the number of data points for the
regression model. In fact, these approaches allowed slightly increasing the value of the
coefficient of correlation, but the increase was not representative. Unlike batteries and
EDFs, it was not possible to derive accurate correlations for brushless motors due to their
non-linear behavior. This is reflected on the disparity and non-uniformity of the gathered
data (Figure 6), which makes it difficult to model this type of motors with uni-variate [17,18]
and even with multi-variate models [19].

; I )
Uw'—l'l 0— 2 poles lic s Z_: poieb
jo@ y — aS I — & poles
[ ® D 0— 4 poles !
_0® I 10° 1 I_o 0—10 poles
103 ]
] o
20 =
§ § 102 7
] w
] : ! ] ol
0— 8 poles 8@i%% : | o— 14 poles © Oi
0 — 16 poles 0— 28 poles i
o® 101_”””| B T
10° 10° 10° 107 10° 10*
Kvmoto’r' [RPI\I/V] Kvmotor [RPI\I/V]
(a) Brushless INRUNNER motor. n = 650 (b) Brushless OUTRUNNER motor. n = 750

Figure 6. Motor constant KVj,,tor and motor weight Wy;o10r characteristics of electric brushless motors.

Figure 6a,b illustrates the brushless motor weight as a function of the motor constant.
It can be appreciated that these plots present an analogous behavior to the ones found
in [17-19]. The number of magnetic poles of the motor was employed to split the aforesaid
plots in different categories. As stated in [41,46], the larger is the number of motor poles, the
lower is the motor constant. This behavior is clearly observed in Figure 6 for both inrunner
and outrunner motors. Even though no accurate correlations were determined, some trade-
offs were identified. Table 3 presents a classification of electric brushless motors as function
of the motor constant (K Vot [RPM/V]) and motor weight (Wiotor [g]). Four categories
were identified for both inrunner and outrunner motors. Classes I and II: These categories
group brushless motors for heavy duty applications; these motors provide really high
values of torque and power at relatively low number of RPM. Class III: Motors for small
RC and FPV UAUVs fall in this category, and they widely used for aero-modeling. These
motors have intermediate values of torque and RPM. Class IV: This category comprises
motors of low torque and high RPM, commonly used for small and micro UAVs.
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Table 3. Range of motor weight (Wytor [g]) as function of the voltage constant KV, (based on

Figure 6).
Inrunner Outrunner
Class K‘/molm vaotur [g] KVmutm' Wmumr [g]
I 50-100 1500-3000 50-100 9000-2500
II 100-500 500-1500 100-500 300-9000
III 500-5000 100-500 500-2000 50-300
v 5000-10,000 30-100 2000-10,000 10-50

4.2. Fuel-Based Propulsion Systems

Fuel-based propulsion systems, turbine-based, and piston engines are commonly
employed in small, MALE, and HALE UAVs because they permit to accomplish longer
endurance and range [20,26,27]. The following section presents a group of correlations
for sizing and selection of fuel-based engines focused on turbojet, turboprop, and internal
combustion engines. Turbofan engines were not included in this study because very few
devices for UAV applications were encountered.

4.2.1. Turbojet and Turboprop Engines

In this section, sizing correlations of turbojet and turboprop engines for UAV appli-
cations are presented. For this aim, a database consisting of 117 turbojet engines from 15
manufactures was structured and includes majorly single spool turbines and few double
spool. In this case, the maximum static thrust was selected as independent variable, since
the function of turbojet engines is to generate thrust from the high energy of the exit flow.
On the other hand, the database for turboprop engines contains only 19 samples from
eight manufacturers. This type of engines is manufactured in lower quantity than other
engine types due to their higher cost and complexity. For this case, the power output
was used as independent variable, since turboprops are used to provide power shaft to
the propulsive system. Both the maximum static thrust and the power output are also
employed by the manufacturers to characterize turbojet and turboprop engines, respec-
tively. As mentioned in the section of EDFs, the maximum static thrust can be estimated
using different approaches and assumptions (see Section 4.1.2), while the rated power
that manufacturers provide is the power output at cruise conditions, according to the
manufacturers themselves.

For turbojet engines, correlations to estimate their weight (Wi, [kg]), diameter (Dt [m]),
length (L]-et[m]), and fuel consumption (F Ciet [ml /min]) were derived. Figure 7 illustrates
the data collected; the correlation and the R? coefficient are presented in each subplot. The
weight of the turbojet engine (Figure 7a) does not include the weight of miscellaneous com-
ponents (e.g., fuel tank, additional air filters, etc.). The diameter of the engine (Figure 7b)
is the outer diameter, and the length is measured from the inlet station to the end of
the nozzle (Figure 7c). Most manufacturers provide the fuel consumption in [mL/min];
therefore, it was preferred to maintain the units for this parameter (Figure 7d). Figure 8
present a correlation for weight estimation of turboprop engines (Wiyp [kg]) as function
of their power output (Py,: [kKW]). From the data collected, it was appreciated that most
turboprop engines consist of a turbojet engine connected with a gearbox and a clutch. Thus,
the correlations to determine the diameter and the fuel consumption of turbojet engines
are also valid for turboprop ones. Finally, the regression coefficients show good fitting
between the data collected and the power law model, with R? higher than 0.9 for all the
variables depicted.
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Figure 7. Sizing correlations for turbojet engines from 20 to 10,000 [N] of maximum thrust.

4.2.2. Internal Combustion Engines (ICE)

The low cost of these systems, compared with turbine-based engines, make them
attractive for the small and MALE UAV sectors. The higher specific energy, compared with
their electric counterparts, is also another reason for their use in long endurance unmanned
aircraft. The thermodynamic modeling of these power machines is well documented [47,48];
however, more general parameters of the engine (e.g., weight, displacement, and power) are
required at early stages of aircraft design. This section presents correlations to determine
the weight and the displacement of two stroke and four stroke ICE engines. For this,
a database based on off-the-shelf engines was assembled. The database cover engines
from 35 manufacturers, including different configurations (e.g., single piston, V-type, and
Wankel) and various fuel types (e.g., regular gasoline, AVGAS, and nitromethane). As a
result, 114 two stroke engines and 113 four stroke engines were surveyed. Afterwards,
correlations to estimate engine’s weight Wicg (Figure 9a and Table 4) and displacement
(Figure 9b and Table 5) were derived as a function of the power output P,,;. These three
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parameters are used by manufacturers to characterize an ICE engine and are also useful
for engine selection. The power output provided by the manufacturers is the power at
cruise condition. From the data collected, two engine categories were identified, which are
marked in Figure 9a,b. Engines located in the white zone (left of the plot) can operate at
moderate altitudes (<3000 [masl]), while engines in the gray zone (right zone of the plot)
have been optimized for operation at high altitudes (up to 5500 [masl] approx.). In a similar
fashion to the power systems, the coefficient of correlation shows a good match between
the data collected and the power law model, which enabled defining simple but accurate
correlations to size ICE engines.

o data

— fitting

o0
=, 101 .
) ]
B
=
° R*=0.9745
° M/tpr‘()p = 0.3654 -Pout 0:9364
10° 4
10t 107
P,y [kW]

Figure 8. Weight of turboprop engines (W) as function of the cruise power output (Pyy) from 2
to 200 [kW]. n = 20.
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(a) Engine weight Wicr as function of the power output Py (b) Engine displacement as function of the power output Ppy;
Figure 9. Sizing correlations for ICE engines from 200 to 100,000 W of cruise power.
Table 4. Weight of ICE engines, regression coefficients. W, = A-P5.
A B R? n
Two stroke 0.0003 1.0530 0.8959 114

Four stroke 0.0013 0.8952 0.9300 113
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Table 5. Displacement of ICE engines, regression coefficients. Displacement = A - P B

out ”

A B R? n
Two stroke 0.0035 1.1327 0.9353 114
Four stroke 0.0151 0.9940 0.9612 113

5. Application Examples: Electric and Fuel-Based UAVs

This section highlights the usability of the correlations and their implementation with
existing methods for the design and performance assessment of electric and fuel-based
UAVs.

5.1. Electric-Powered UAV

This example illustrates the application of the correlations in the performance assess-
ment of battery-powered unmanned aircraft. The Skywalker X8 UAV was defined as the
baseline case because it is one of the most used commercial UAVs for mapping and moni-
toring missions. In addition, the Skywalker UAV offers the typical performance of a small
electric fixed-wing UAV; therefore, it is a good representative case of study. For this UAV,
the effect of resizing the power source (i.e., battery) on the UAV performance was evaluated.
According to Traub [34], the endurance in straight level flight of a battery-powered aircraft
can be calculated with Equation (3), where Rt is the battery hour rating; #;,; combines the
motor and propeller efficiency in a single term; V and C are the rated voltage and battery
capacity, respectively; p is the air density; S is the wing reference area; Cp, is the zero lift
drag coefficient of the UAV; W is the total UAV mass; k is the induced drag factor; and n
is the discharge rate, which depends on the battery type and temperature. As observed
in this equation, the endurance of a battery powered UAV depends greatly on the battery
parameters such as the rated voltage, capacity, discharge rate, and of course the battery
mass, which also affect directly to the total UAV mass W. According to this equation, the
endurance can be maximized by using batteries of higher capacity and voltage; however,
this is not completely true because the battery mass Wy, and consequently the total
UAV mass W is also increased proportionally to the battery capacity Cpgstery, according to
the correlations presented in Table 2.

E =Rl ( ftot V €

%pUB'SCDO—I—(ZkWZ)/(pUS)) ©)

In a previous work [49], we employed the proposed correlations to study the effect of
resizing the power source of an existing UAV. A modified version of Equation (3) was also
developed based on experimental measurements of the power consumed by the propulsion
system, avionics, and payload. Compared with Equation (3), the modified endurance
equation (Equation (4)) introduces two terms: the effective battery capacity Ceffective and
the power consumed by avionics and other electronics items P,,. The effective battery
capacity is a fraction of the nominal capacity that can be employed for propulsion and the
avionics power is the fraction of power that is diminished from the power source (i.e., the
battery) to energize the electronic items on board the UAYV, including payload, actuators,

and avionics. .
E— Rtlin . - Mot 14 Cef);ective (4)
30 UBSCpo + (2kW2)/(pUS) + Pay

In Equations (3) and (4), the total UAV mass is as function of the battery mass
W = Whaitery + Wrixed, considering the mass of the other components including the fuse-
lage mass remain fixed. This exemplifies that the present correlations permit to formulate
more detailed mass calculation approaches, as stated in the flowchart depicted in Figure 2.
Table 6 presents the baseline parameters of the Skywalker X8 UAV, employed in this il-
lustrative example. For this UAYV, the effect of increasing the battery capacity on the UAV
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performance was evaluated by means of the two endurance equations discussed above. For
this particular example, the correlation to determine the mass four cells (4S) Li-Po batteries
were employed, since manufacturers recommend that the already installed electric motor
works well with this type of batteries. The total UAV mass was calculated as function
of the battery mass and the fixed mass, as mentioned above. As observed in Figure 10,
three payload mass were evaluated, which correspond to typical RGB cameras used for
monitoring and mapping tasks. In this study, the total UAV mass was constrained to
W = 4[kg], since this is the maximum take-off mass recommended for this UAV. Therefore,
this study concentrated on determining how much the battery capacity can be increased in
order to boost the UAV endurance. Figure 10 shows the effect of the battery capacity on the
UAV endurance, determined through Equations (3) and (4). In this figure, the solid curved
lines represent the UAV endurance determined with the original Equation (3), for each of
the three payload scenarios. The solid vertical lines indicate the maximum battery capacity
to satisfy the constraint imposed for the total UAV mass. The dots that intersect with the
curved lines delimits the maximum battery capacity and maximum endurance that can be
achieved under the imposed considerations. The square and triangular markers indicate
the maximum endurance and battery capacity, respectively. However, they were obtained
with the modified endurance equation (Equation (4)). As observed, the endurance estima-
tions obtained with the original equation are very optimistic, while the values obtained
with the modified equation are closer to actual endurance values, according to the authors
experience with experimental flight tests.

e Cruise conditions m Cruise and climb 4 Cru(11s.e.and clhmb
conditions conditions plus
- avionics
power_—
61 —
~
= 51
®
2
o 4
—
=
=
3_
m
21 .
Payload weight
N 1000g
—— 500qg
— 100g
0 T T T ¥ T T + T
0 5 10 12 15 20 22 25 30

Battery capacity [Ah]

Figure 10. Effect of battery capacity on the UAV endurance using two formulations of the endurance
equation [49].

Table 6. Skywalker X8 UAV: baseline parameters.

Aerodynamics Requirements
Wing area S [m?] 0.8 Operating Altitude 4000
Max. UAV mass [kg] 4 Air Density, p @4000 m.a.s.1 0.8023
Cpo 0.01764 Cruise Altitude [m] 100
Aspect Ratio, AR 5.51 Rate of Climb [m/s] 5
Empty mass (fixed) [kg] 2.5

The above example illustrates how the present correlations can be coupled with
existing tools for the design and performance assessment of electric-powered aircraft. In
the above example, the characteristics of the electric motor were kept fixed; however, in
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a more complicated case of study or design problem, the correlations to size the electric
motor can be coupled easily with a detailed mass estimation model or even with a propeller
performance model. This example demonstrates briefly the usability of the correlations for
simple design cases and even for exploratory and optimization studies. Furthermore, their
parametric nature permits implementing the correlations in any computational framework
for UAV design and optimization.

5.2. Fuel-Powered UAV

This section exemplifies the use of the sizing correlations of internal combustion en-
gines. The coupling between a propeller performance model, the engine sizing correlations,
and the refined mass calculation is briefly explained. According to Gundlach [13], the
sizing process of a propeller-driven propulsion system begins with the assessment of the
propeller performance to determine the propeller characteristics such as the advanced
ratio |, the power coefficient Cp, the propeller diameter D, and the rotational speed. For
this purpose, the actuator disk theory or the blade element momentum theory can be
employed. With the propeller performance parameters, the power shaft can be determined
with Equation (5). This power shaft corresponds to the power that the internal combustion
engine must supply to the propeller. At this point, the power shaft or power output (from
the engine perspective) can be used to determine general but significant characteristics
of an internal combustion engine that fulfills the thrust and power requirements. For
this, the correlations presented in Tables 4 and 5 can be employed. As appreciated, the
correlations provided for internal combustion engines permit determining the engine mass
and displacement as function of the power shaft or power output. In these correlations, the
engine type is implicit, since correlations for two and four stroke engines were developed
separately. The main advantage of using the present correlations is that they were derived
from off-the-shelf components widely used in UAVs, which make them more suitable for
the design and analysis of different UAV categories compared with existing correlations
that have been derived for large civil aircraft.

Pagt = Cp(J) <V>3 p? 6)

6. Conclusions

Series of correlations for sizing the UAV’s propulsion systems were developed based
on off-the shelf components. Although the proposed correlations cover a large spectrum
of UAVs, a greater emphasis was placed on vehicles ranging from micro to MALE. For
the development of these models, Cook’s distance criteria were employed to reduce the
dispersed data, and then, statistical analysis was performed to derive the sizing correlations
following a power law. The results obtained show good agreement and satisfactory
correlations indexes, which make them suitable for conceptual and preliminary design
phases. The main contribution of this work lies on fulfillment of the gap in the broad
spectrum of design alternatives that UAVs represent, where current models do not provide
a scheme for assessing the feasibility of the propulsion configurations when using off-the-
shelf components. This aspect makes the present work a useful tool to be implemented in
any optimization routine for defining weight and main geometrical features of a propulsion
system, accelerating the design process at early stages.
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