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ABSTRACT

The use of unmanned aircraft vehicles (UAVs) for the most diverse aeronautic missions is a reality. Then, with the rise of precision
agriculture (PA), the viability of the incorporation of this technology in the countryside on both big and small proprieties is under
study. This work aims to analyze the handling qualities of an UAV with a mission of pest control chemical spraying. With this
objective, aircraft data was used to analyze the eigenvalues of the aircraft modes. Then, the impact of mass and inertia variation
during its mission was studied. Also, the longitudinal and latero-directional dynamics were evaluated based on the Cooper-Harper
scale. The results found indicate that all aircraft modes are stable for both full hopper and empty hopper conditions. Moreover,
the determined handling quality grades of the UAV in the Cooper-Harper scale indicate the need for some correction applied
by the pilot during flight.
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INTRODUCTION

The development of remotely piloted aircraft technologies has experienced intense growth during the last years. Covering both
civilian and military areas, unmanned aerial vehicles (UAVs) can assist with tasks already performed by other technologies, with
advantages such as quicker responses, lower costs and more versatility. In Brazil, since the last decade, UAVs are used to aid
agriculture, both in spraying pesticides in crops, as well as in precision agriculture. The area that currently sees the greatest growth
within agribusiness is the acquisition of aerial images using this type of aircraft. From the acquired images and the use of computer
vision techniques, the rural producer receives important information for decision making in the countryside (Jorge et al. 2011).

As defined by the Brazilian Commission for Precision Agriculture (CBAP 2013), precision agriculture is “an agricultural
management system based on the spatial and temporal variation of the productive unit and aims at increasing the economic return,
sustainability and minimizing the effect on the environment”. In addition to the decision-making process, in precision agriculture,
there is a need to distribute crop protection products throughout a region infected by a pest or suffering by other condition, as
well as to deposit pesticides over the crop to prevent these same problems. Most of these activities are carried out from land-based
machines; however, they cause damage to the culture itself through kneading (Oliveira ef al. 2014). In order to solve this problem,
agricultural aviation is employed since it is both more efficient and faster when compared to land-based machines. However, there

are considerable risks for both the pilot and the operation. The pilot faces several flights at low altitude, which increases the risk
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of accidents due to the low visibility and short reaction time. Further, the operation suffers from its dependence on the weather,
as operations on rainy days and at night are not allowed for safety reasons.

Thus, seeking to complement the Brazilian agriculture tendencies of new technical solutions to improve production efficiency
without increasing acreage, recent work by Slongo et al. (2019) developed a conceptual UAV design that has the capability of actuating
in the niche among autopropelled machines and conventional spraying aircraft. The employment of UAV allows the adoption of new
possible solutions, which were not feasible before due to the pilot safety and other piloted flight aspects. The capacity of performing
operations in low visibility conditions — such as at night — allows both the operating period to increase and quicker responses to be
executed, which can prevent pest proliferation in their beginning. In addition to an increased performance capability, being a high
precision system allows a reduction in both environmental impact, costs of operation when compared with standard application
methods and reduce the amount of pesticide drifting to neighboring crop fields (Lan and Chen 2018; Anand and Goutam 2019).

Even though these unmanned systems have the potential to work in conjunction of autonomous flight systems, the current
regulations presented by the National Civil Aviation Agency (ANAC) in the document Regulamento da Aviagdo Civil Especial
(RBAC-E No. 94) forbid the autonomous operation of UAVSs in the Brazilian territory. In addition, the possibility of quick response
to pests utilizing an UAV is one of the main advantages of this technology in comparison with regular agricultural aviation. Thus, the
thorough and in advance planning needed for autonomous operation is not in the best interest of the farmer in these cases. In view of
the presented issues, the remotely piloted operation of the aircraft constituting a man-in-the-loop control is considered is this work.

The ability of the pilot to control the aircraft’s movements can be described by the aircrafts’ handling qualities. As defined by
Harper and Cooper (1986, p. 2), the handling qualities are “those qualities or characteristics of an aircraft that govern the ease
and precision with which a pilot is able to perform the tasks required in support of an aircraft role”

Due to the presence of a pilot in the operation of the UAV, the analysis of the handling qualities of the aircraft are of interest
of the designer, since they will guide the developments of control systems and the pilot vehicle interface (PVI) of the aircraft
(Baughman and Longeauay 2015). In addition, poor handling qualities indicate failures in the design process, thus being necessary
to reevaluate the aircraft main characteristics.

As presented by Cook (2011), Cooper and Harper are also the creators of one of the most utilized ways to evaluate the handling
qualities of an aircraft, the Cooper-Harper scale. To use this scale, it is necessary to determine the damping and period of the
short period, phugoid, roll, spiral and Dutch roll modes.

The complete UAV flight dynamics is used to determine the required parameters aforementioned, considering the cruise flight
phase. Hence, it is possible to obtain the linearized matrices of the system at the set operation conditions, which allows the system
poles to be found. Consequently, the damping and period of each mode can be determined.

However, the Cooper-Harper scale was designed for the analysis of manned aircraft operations; thus, it is important to be
cautious when adapting the analysis for UAVs. So far, some works have dealt with the analysis of UAV handling qualities, but none
of them has been successful in determining a new standard that overwrites the Cooper-Harper scale.

Williams (2003) discussed a proposed standard specifying the requirements for UAV handling qualities. Based on manned
aircrafts standards, the work studied the differences between UAV and traditional aircraft in terms of handling qualities based
on a systems engineering approach. The paper discusses broadly a “new” standard for handling qualities evaluation of UAVs;
however, the differences related to primary and secondary flight control systems, data link time delays, system failure states and
flight display requirements, which are all characteristics that are not dealt with in a preliminary design phase and so, are not
consider in the present work.

On the flight display requirements topic, Cummings et al. (2006) present a new evaluation tool for subjectively assessing
unmanned vehicle displays by shifting emphasis away from evaluating the physical control of an aircraft to evaluating how well
the displays support basic operator information processing. The justification of the authors is that, in remotely controlled flight,
the control of the aircraft is mostly performed by the on-board computer, and the great part of the handling qualities rest on the
interface between pilot and aircraft and the capacity of the pilot to analyze information and make decisions. This tool is called

the modified Cooper-Harper for unmanned vehicles displays and, even though it is useful on evaluating the interaction between
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the pilot and the UAYV, it does not substitute the need for evaluating the physical control of the aircraft, given that at any time the
pilot may have to take manual control over the aircraft operation.

In addition, Foster and Bowman (2005) present a discussion of dynamic stability and handling qualities of small unmanned-
aerial-vehicles. The authors show that, for small UAVs with wingspans from 0.6 to 1.2 m, the requirements for short-period mode
natural frequency of larger aircraft are too tight and do not represent the correct evaluation of these aircraft. However, the aircraft
analyzed in this work does not fit in this category, so it is not possible to neglect the result of the Cooper-Harper scale evaluation.

Lastly, Baughman and Longeauay (2015) provide an approach to determine the Cooper-Harper evaluation for unmanned systems.
In their study case, they considered a pilot-in-the-loop oscillation, that way, even though the system may operate in high levels of
autonomous flight, there are situations where it is necessary, or advised, that the pilot intervenes, for no feedback loop or computer
algorithm can deliver the same qualitative feedback as a pilot. Furthermore, Baughman and Longeauay’s (2015) approach considers a
three-phased analysis to conduct a handling qualities evaluation. The first and second phases are a qualitative assessment of the aircraft
handling in a docile environment and an exploration of high-gain and high-bandwidth control of the aircraft, both of which are not
applicable to an aircraft preliminary design phase. The third phase considers an evaluation using the Cooper—Harper rating scale where,
given adequate criteria, performance is assessed as well as workload and pilot compensation in order to yield a Cooper-Harper rating.

In view of the information presented, the Cooper-Harper approach was chosen for this work given the design phase in which
the aircraft finds itself and the lack of a better alternative for handling qualities evaluation in this phase. In addition, the Cooper—

Harper rating of the aircraft is complementary to other proposed evaluations of UAVs handling qualities, justifying its utilization.

METHODOLOGY

Aircraft Parameters

The required information to perform the UAV flying and handling qualities were extracted from the finalized aircraft conceptual
project (Slongo et al. 2018). The aircraft model made in the SolidWorks software provided both the moments of inertia and the
position of the center of gravity (CG) of the aircraft for the two distinct cases analyzed. The first case considers a full hopper, which
is the situation of maximum takeoff weight (MTOW), and the second case considers an empty hopper — end of mission. The frontal

isometric view of the aircraft’s computer-aided design (CAD) model can be seen in Fig. 1.

Figure 1. Frontal isometric view of the aircraft’s CAD model.

The data used is:
e Payload: 100 kg
e Fuel: 12 kg;
* Propulsion system mass: 11.594 kg;
e Fuselage and equipment mass: 157.366 kg;
e Aircraft’s empty mass: 168.96 kg;
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MTOW: 280.96 kg;

° Wing area: 10.24 m?

*  Wingspan: 7.85 m;

* Mean aerodynamic chord: 1.13 m.

The UAV’s inertia matrix, I, , with full and empty hopper, are shown in Eq. 1 and Eq. 2, respectively.

1

)

The CG is positioned 0.21 m backwards from the aerodynamic center (AC) in the full hopper case. For the empty hopper case,
the CG is positioned 0.19 m from the AC, also backwards.
During earlier phases of the project, the propulsion system was defined as two piston engines with an air-cooling system, which

can deliver up to 21.5 hp each. Hence, the propulsion system can deliver 947.78 N of thrust, considering the propeller efficiency.

Aerodynamic stability and control derivatives
Aerodynamic stability and control derivatives were obtained using the Advanced Aircraft Analysis Software (AAA), as described

in the aircraft conceptual project (Slongo et al. 2018). Table 1 shows these aerodynamic derivatives.

Table 1. Aerodynamic stability and control derivatives.

Stability and control Dimensionless Stability and control Dimensionless
derivative value derivative value
CL, 0.500 Clﬂ -0.1912
co, 0.0100 c, 0.0109
cy, -0.2120 Cn, -0.0302
cy,, 0.1098 CL, 7.1453
cm, -1.0977 co, 0.0586
Cl, 0.1076 cy, 0.0815
Cn, -0.0016 cm, -2.0417
CL« 4.9420 Cl, -0.0006
C’Dq 0.0000 Cng 0.0000
cv, -0.0086 cn,, -0.0022
cm, -0.1100 CL, 1.9320
Cl, 0.0000 CY, 0.0000
a, 0.1618 cy, 0.0000
Cn, -0.0380 Cm. -4.0556
cL,, 0.5229 a, -0.4339
cD, 0.9386 Cn, 0.0412
cy, -0.1098 Cn, -0.0411
Cmp -10.9033 - -

J. Aerosp. Technol. Manag., Sdo José dos Campos, v12, Special Edition, 38-51, 2020



Slongo AG, Moraes DD, Mantovani LQ, Venturini MS

Definition of Flight Simulation Conditions

Flight conditions depend on the chemical being carried on the hopper. Thus, it is necessary to consider several cases to which
the aircraft can be submitted. Among the simulated conditions, the full and the empty hopper cases were both analyzed with an
average cruise speed. These two cases represent the beginning and ending of a spraying operation. Hence, it is possible to evaluate
how the CG and inertia changes affect the handling qualities.

Due to the need for operating at low speed and high weight conditions, the aircraft project includes the capability of tilting
the engines to increase lift. However, the angle between the thrust vector and the aircraft reference system is considered zero in
these preliminary simulations. The simulated flight condition is:

* Average cruise speed: 68 km/h;
e Spraying height: 4 m;

e Engine inclination: 0%

* Mass:

e Full hopper: 280 kg;

e Empty hopper: 180 kg.

According to recent work by Slongo et al. (2019), the aircraft optimal speed for spraying ranges from 60 to 80 km/h. Likewise,

the spraying height is 4 m. With this information, it is possible to linearize the aircraft dynamics around an operating condition.

Reference Systems and Attitude Parameterization

The equation development considers both the inertial reference frame and the body reference frame. An arbitrary point on the
ground, such as a runway threshold, can be used as the inertial frame origin. The inertial frame axes can be defined as: Z, points
upwards, X, is aligned with an arbitrary on the horizon, while Y, completes the orthogonal system.

The body reference frame, which is a rotating frame, has the X axis pointing through the aircraft nose, Y axis pointing towards
the starboard wing and the Z lays in the aircraft symmetry plane, being negative above the aircraft. Its origin is set at the aircraft’s

CG. The body reference frame is shown in Fig. 2.

Figure 2. Body reference frame.

For the attitude parameterization, which is the angular position representation of the frames, Euler angles were used. According
to Tewari (2007), three successive rotations can be used to describe any spatial orientation, and elementary rotation matrices can
be used to represent it. The adopted sequence of rotation is 3-2-1; hence, the system first rotates around the Z-axis, then around
the Y-axis and, lastly, around the X-axis. Therefore, a rotation matrix from the inertial system to the body system (R%) is shown

in Eq. 3, while Fig. 3 illustrates this rotation sequence.
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Figure 3. Euler Angle rotation sequence (Tewari 2007).

Aircraft Mathematical Model

In order to determine the eigenvalues of the system and, consequently, the handling qualities, it is necessary to mathematically
model the aircraft in the first place. One of the possibilities is to use transfer functions, which represent each of the aircraft modes.
Another is to use the aircraft complete model. The analysis presented here considers the complete model, which was then linearized
around the point of interest.

Thus, 12 equations are used to describe both the translational and rotational dynamics of the rigid body. Six of these equations
represent the translations of the body, which can be written in the inertial system and then separated into three dynamic equations
(Eq. 4) and three kinematic equations (Egs. 5-7 or Eq. 8). To obtain the three dynamic equations of the aircraft, the linear momentum

equation can be derived with respect to the inertial frame, which leads to:

4

where V represents the translational velocity vector, V = [u v w]”, @ represents the angular velocity vector written in the body
reference frame with respect to the inertial frame, w = [p g 7]", F, the external forces vector written in the body reference frame
and m is the aircrafts mass. However, the aircraft dynamics is usually written as a function of the true airspeed (V), and both

attack angle (a) and sideslip angle (f). Thus, three modified equations are obtained, as follows:

5)

(6)
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)
Then, the translational kinematic equations can be written in the inertial frame as:
(8)
For the rotation equations, the angular momentum equation is derived with respect to the inertial frame:
)
in which 7 indicates the external torques, and I, is its inertial matrix at the point of interest.
After, the attitude with respect to the inertial frame is obtained through the rotational kinematic equations, in the form:
(10)
11)
(12)

Eigenvalues and Handling Quality
With the aircraft’s complete dynamics and the operation point, it is possible to obtain the linearized matrices of the system.
Moreover, with the matrices, it is possible to obtain the eigenvalues for the used condition to analyze the UAV stability. With it, both the

modes frequency can be obtained through Eq. 13 and Eq. 14, where 6 and & indicate the eigenvector real and imaginary part, respectively.

(13)

(14)

Longitudinal Dynamic
To analyze the handling qualities of the longitudinal dynamic, it is necessary to determine the n_ factor, which is the normal
load factor per unit angle of attack, given by Eq. 15:
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(15)

The T, variable represents the incidence lag, and its value shall be above 0.5 s for the aircraft to have a good response time

(Cook 2011). With the natural frequency of the short period and n,, it is possible to analyze Fig. 4 and determine the short period

handling level.
100
CAP
10.00
Level 3
3.60
10 o
-3 \er®
o
£ .&, 0.28
@© ]
g3 0.16
) Level 1 '
T C
8 g
88 82
FEgt=— ‘2 G\
5@ N
g® \e
03
@©
s
Flight phase category A
0.1
1 10 100
n 1/rad
Figure 4. Handling qualities as a function of w; (Cook 2011).
The short period can also be evaluated based on its damping coeflicient, as shown in Table 2.
Table 2. Flight handling quality of the short period as a function of L.
Level 1 Level 2 Level 3
Flight phase
€ ,min € .max € ,min € .max € ,min
Cruise flight 0.30 2.00 0.20 2.00 0.10

Adapted from Cook (2011).
For the phugoid mode, handling qualities can be evaluated based on the damping coefficient, which shall be above 10 % of
the short period damping coefficient (Cook 2011). Thus, its classification is:
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e Level 1: Damping higher than 0.04;
e Level 2: Null damping;
e Level 3: Unstable mode.

Lateral directional dynamics
For the roll mode, handling qualities is based on the time constant. For a cruise flight, according to Cook (2011):

e Level 1: Time constant higher than 1.4 s;

e Level 2: Time constant ranging from 1.4 to 3 s.
For the Dutch Roll mode, the analyzed variables are natural frequency, wn, damping coefficient, {, and its multiplication,
wn, {,. For the cruise flight condition (Cook 2011), the aircraft is classified as:

° Level I:

*  wn,>0.5

o (,>0.08;
* wn,{,>0.15
e Level 2:

o 0.5>wn,>0.4;
© 0.08>(,>0.02
* 0.15>wn,{,>0.05;

e Level 3:
e 0.5>wn, <04
e 0.02>(;

o 0.05>wn,C;

For the spiral mode, only its time constant is analyzed. For cruise flight phase, as presented in Cook (2011):
e Level 1: Time constant higher than 28.9 s;
e Level 2: Time constant ranging from 28.9 to 11.5 s;

e Level 3: Time constant ranging from 11.5to 7.2 s.

Cooper-Harper Scale

It is possible to identify the UAV handling qualities based on the Cooper-Harper scale using both the frequency and
damping coeflicients, which connects the aircraft response with the pilot reactions and perception. Such scale evaluates the
flight handling qualities in several flight phases, with grades that range from 1 to 10, being 1 the best possible. This information
is presented in Table 3.

Table 3. Cooper-Harper scale conversion. Flight quality levels

Level 1 Level 2 Level 3 Below level 3

Cooper-Harper Scale 1 ‘ 2 ‘ 3 4 ‘ 5 ‘ 6 ‘ 7 ‘ 8 ‘ 9 ‘ 10

Adapted from Cook (2011).

RESULTS

Full Hopper
Linearizing the UAV dynamics around the aforementioned operation point allows the aircraft eigenvalues to be obtained.

The linearized matrix of the longitudinal dynamics A, , is given in Eq. 16:

Longguy
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(16)

Withthe A~ matrice, it is possible to obtain the eigenvalues for each longitudinal modes of the aircraft — short period and
phugoid. Since the eigenvalues are negative, both modes are stable; hence, it returns spontaneously to equilibrium. The short period
mode has a higher frequency when compared to the other modes; thus, it has a shorter period, and a higher damping coefficient.

Table 4 shows both the short period and phugoid modes frequency, damping coefficient and eigenvalues.

Table 4. Frequency and damping of the longitudinal modes with full hopper.

Mode Frequency Damping ratio Eigenvalues
Short period 5.8700 f8d 0.8260 -4.7983 + 3.522;
S
Phugoid 0.5750 rad 0.0598 -0.0344 + 0.5741]
S

For the lateral-directional dynamics, the analyzed modes are roll, spiral, and Dutch-roll. The matrix A, has the linearized

values obtained for the lateral-directional dynamics (Eq. 17).

17)

With A, . the values of damping and natural frequency were determined, as shown in Table 5. Roll is a nonoscillatory
high-frequency mode when compared to the other modes. On the other hand, Dutch-roll has a low damping and an imaginary
component in its eigenvalues — it is an oscillatory mode. Spiral has a positive real eigenvalue; thus, it is unstable. However, it is

common for aircraft to have this unstable mode, usually with a high time constant, since the pilot can easily correct it.

Table 5. Frequency and damping of the lateral-directional modes with a full hopper.

Mode Frequency Damping factor Eigenvalue
Roll 5.5600 isd 1.000 -5.5614 + 3.522j
Spiral 0.0445 isd - 0.0445
Dutch-roll 1.9100 isd 0.1080 -0.2064 + 1.912j

Flight Handling Qualities With a Full Hopper
The UAV has an incidence lag of 0.488 s, which meets its requirement for the longitudinal dynamics. The frequency and

damping ratio of the short period are:
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* Natural frequency (n, = 3.9493 and &, = 5.85 %d): Level 2;
e Damping ({= 0.826): Level 1.

Although the aircraft does not meet its requirement of damping lower than 10% of the short period for the phugoid mode, its
value (£ = 0.0881) is considered Level 1.

The lateral-directional roll mode has a time constant of 0.176 s, which is considered as Level 1. Dutch-roll mode is classified
as Level 1 for cruise phases, with values of:
e Natural frequency (a)SDR): 1.91 @;
e Damping coefficient ({,,): 0.108;
© o (,0.20628.

The spiral mode is classified as Level 2 for the cruise flight phase since it has a time constant equal to 22.5 s. In the end,
the flight handling qualities are translated to the Cooper-Harper scale, with the UAV obtaining Levels 4, 5 and 6, according
to Table 3.

Empty hopper
For the case with an empty hopper, the same procedure mentioned before was followed. The aircraft eigenvalues were
determined linearizing the UAV dynamics around its operating point. The linearized matrix for the longitudinal dynamics with

an empty hopper is given by Eq. 18.

(18)

It is possible to obtain the eigenvalues for each of the longitudinal modes of the UAV with A - Since both eigenvalues are
negative, both modes are stable and the aircraft can naturally return to equilibrium. As mentioned before, the short period mode
has the highest frequency and the highest damping. Table 6 presents the frequency, damping coeflicient and eigenvalues for the
short period and phugoid modes of the cruise flight phase with an empty hopper.

Table 6. Frequency and damping of the longitudinal modes with an empty hopper.

Mode Frequency Damping Eigenvalues
Short period 8.85000 84 0.83200 -5.74000 + 3.83000/
s
Phugoid 0.53300 84 0.00889 -0.00527 + 0.53300i
s

Roll, spiral and Dutch-roll modes are analyzed for the lateral-directional dynamics. The matrix A, has the linearized values

for the lateral-directional dynamics of the cruise flight phase with an empty hopper (Eq. 19).

(19)
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With this matrix, both the damping and the natural frequency were found, as shown in Table 7. The spiral mode has a positive real
eigenvalue; thus, it is an unstable mode again. Moreover, Dutch-roll mode has a small damping and an imaginary component in its eigenvalue.

Table 7. Frequency and damping of the lateral-directional modes for an empty hopper.

Mode Frequency Damping factor Eigenvalue
Roll 5.89000 isd 1.00000 -5.89000
Spiral 0.00914 isd - 0.00914
Dutch-Roll 1.89000 8d 0.04600 -0.08680 + 1.88000i

S

Flight handling qualities with an empty hopper

For the longitudinal dynamics with an empty hopper, the aircraft has an incidence lag of 0.331 s, which, again, meets its
requirements. The flight handling quality of the short period, in accordance with Cook (2011), is:
* Natural frequency (n, = 5.8169 and &, = 6.89 %d): Level 2;
e Damping ({= 0.832): Level 1.

Now, the UAV meets the requirement of the phugoid damping being lower than 10% of the short period mode. With damping
of 0.00989, it is classified as Level 2.

In the lateral-directional dynamics, the roll mode has a time constant of 0.170 s, which is classified as Level 1 for this mode.
Dutch-roll mode is classified as Level 2 for cruise flight with an empty hopper, with the following characteristics:
* Natural frequency (e ): 1.89 @;
e Damping factor ({, SDR): 0.046;
© o { :0.0869.

Spiral mode is classified as Level 1 for the cruise flight with an empty hopper since its time constant is equal to 109 s.
Translating the flight handling qualities for the Cooper—Harper scale, the aircraft attains Levels 4, 5 and 6, according to Table 3.

DISCUSSION

Regarding aerial spraying activities, it is essential for the aircraft to have a stable and steady flight even with significant mass
variations. Thus, eliminating the pilot need to constantly correct its flight path.

For the presented UAV, 36% of its MTOW is of pesticides to be applied during the mission. Hence, it is essential to analyze the
impact of this variation during flight. In addition, it was determined that none of the stable modes of the aircraft becomes unstable
during operations due to the effects of inertia, CG and mass variations. Therefore, the UAV stability is unaffected by this mass variations.

In order to understand how the pilot feels handling of the projected UAV, the frequencies and damping of its modes were
analyzed, generating the flight handling qualities grades. The obtained results were translated into a Cooper-Harper scale,
where specific grades were found indicating a certain need for pilot intervention to keep the UAV’s path and attitude as desired.
These results are considered adequate for the presented case. Furthermore, the UAV’s control characteristics are maintained during

all the spraying activity, starting with a full hopper and ending it with an empty hopper.
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