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Abstract: Nowadays, great efforts of ongoing research are devoted to hybrid-electric propulsion
technology that offers various benefits, such as reduced noise and pollution emissions and enhanced
aircraft performance and fuel efficiency. The ability to estimate the performance of an aircraft in any
flight situation in which it may operate is essential for aircraft development. In the current study, a
simulation model was developed that allows estimating the flight performance and analyzing the
mission of a fixed-wing multi-rotor Unmanned Aerial Vehicle (UAV) with a hybrid electric propulsion
system (HEPS), with both conventional and Vertical Takeoff and Landing (VTOL) capabilities. The
control is based on the continuous specification of pitch angle, propulsion thrust, and lift thrust to
achieve the required conditions of a given flight segment. Six different missions were considered to
analyze the effect of control parameters exhibiting the most influence on the UAV mission perfor-
mance. An appropriate set of control parameters was selected through a multidimensional parametric
study. The results show that the control parameters, if not well tuned, affect the mission performance:
for example, in the deceleration transition, a longer time to reduce the cruise speed to stand still may
be the result because the controller struggles to adjust the pitch angle. In addition, the implemented
methodology captures the effects of transient maneuvers, unlike typical quasi-static analysis without
the complexity of full simulation models.

Keywords: hybrid-electric propulsion; unmanned aerial vehicle; mission profile; control parameters;
flight simulation; parametric study

1. Introduction

Interest in Unmanned Aerial Vehicles (UAVs) has been growing in recent years because
of their mission flexibility owing to the continuous advancement of engineering-related
fields, including flight control, automatic systems, and the aerospace industry [1]. This
makes UAVs an appealing research object for both civilian and military applications.

Achieving today’s demanding performance, environmental requirements, and eco-
nomics [2,3], new combustion technologies are being developed by aeroengine manufactur-
ers to improve aircraft fuel efficiency and lower pollutant emissions. On the other hand,
much attention is given to reducing the weight and to increasing the energy density of
the batteries for the electric propulsion system to increase flight endurance [4,5], which
still remains a challenge. Hybrid-electric propulsion system (HEPS) seems to be the most
practical option [6] for energy-efficient, cleaner [7], and quieter aeronautical propulsion
systems, given its ability to integrate the benefits of both the conventional propulsion
system and the electric system [8]. Despite this, many objectives need to be met for the
technology to be viable [9] and widely used.

Numerous models and configurations of hybrid propulsion UAVs [10] have been
developed and studied to date. Jo and Kwon [11] investigated the development process
of a hybrid UAV for VTOL, which could be operated manually from the ground or totally
autonomously. They reported satisfactory results for the flight mission time, hovering
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tolerance, and pitching angle. Maxim et al. [12] have suggested a new sizing methodology
for UAV development. They studied a hybrid UAV with five fixed rotors, one rotor for
horizontal thrust, and four rotors for a vertical lift. Later, a quad tilt wing VTOL UAV was
studied by Muraoka et al. [13]. It consists of tandem tilt wings with propellers span-wise
placed in the middle of each wing, showing great potential for hybrid UAVs. These UAVs
exhibited better lift characteristics in the front and rear wings. Lucena et al. [14] proposed a
double hybrid tail sitter configuration for multi-rotor UAVs using a cutting-edge approach.
They showed, via several flight tests executing vertical takeoff and landing, that their
model was able to enhance flight endurance. In a simulation conducted by Flores et al. [15],
they described the control design and hardware execution of a tilt-rotor aircraft. The UAV
was designed to obtain high speed during the cruise with better-hovering capability. De
Vries et al. [16] suggested a method to calculate the aero-propulsive interaction effects for
leading-edge-mounted distributed propulsion (DP). Their results showed that DP greatly
increases wing loading and improves the cruise lift-to-drag ratio by 6%, albeit the growth
in the aircraft weight results in a 3% increase in energy consumption.

Controlling UAVs is extremely important to successfully apply UAVs in the real world.
Wada et al. [17] investigated the pitch control of a fixed-wing UAV using a reinforcement
learning approach by examining the impact of time delays on flight controller performance
and estimating the effective delay. Cowling et al. [18] simulated and enhanced the trajectory
planner of a UAV quadrotor. They demonstrated that the quadrotor UAV can track the
reference trajectory reasonably well despite significant perturbations. By employing an
algorithm to control the quadrotor’s sensitivity component and reaction speed, Minh
and Ha [19] built a control system in which the flight mission can successfully monitor a
certain fixed object in space. Zhang and Cong [20] developed a novel model of the UAV’s
motor and propeller. They claimed that their model was able to perform better than the
nonlinear model in terms of reaction time and real-time. Xie et al. [21,22] created a basic
model of a HEPS UAV. They concluded that using a HEP system on a UAV leads to 7%
fuel savings. Cardone et al. [23] developed a simplified model that allows for defining
the hybrid system architecture during the early design phases; they also reported that
the margin of error between the simulation and the experimental results was less than
5%. Albuquerque et al. [24] have detailed a mission-based aircraft preliminary design
optimization technique for the evaluation of adaptive technologies. They showed that
the mission profile had a significant impact on the choice of any adaptive technology
combination, and the weight of the adaptive mechanisms significantly influenced the
overall performance. In turn, Zhou and Zhang [25] introduced a novel control parameter
approach using an evolutionary algorithm-based optimization for an aerial manipulator
based on a multi-objective optimization where they identified the most suitable control
settings to satisfy competing goals, such as decreasing the integrated time error and the
control rate.

In conceptual and preliminary aircraft design phases, mission performance drives
design options and vehicle sizing [26,27]. At these early stages of the design, either very
simple or very complex flight performance methods are often used. The former methods
usually use quasi-static conditions to estimate mission performance needs (fuel and battery
consumption, flight times, etc.) for the different segments [28,29]. Step changes between
consecutive mission segments are common for simplicity. The latter methods are consid-
erably more complex as they use flight simulation resorting to detailed aircraft dynamic
models [30,31]. These models imply considerable knowledge of the vehicle’s aerodynamic,
propulsion, inertial, and control characteristics, which are not always available at the early
design stages. While the simple models lack the capability to account for the transient
effects that occur between consecutive segments, the complex models require dynamics
and control modeling, which often require extensive resources to obtain and are not always
practical to develop at the beginning of the design.

This work presents an intermediate method that uses the two-dimensional (2D) equa-
tions of motion integrated over time to take into account transient effects between consecu-
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tive mission segments, yet not considering elaborate aerodynamic models which require a
large number of aircraft aerodynamic derivatives and inertia parameters. This might be
important for predicting fuel and battery consumption and flight times in short-duration
missions having vertical and conventional flight modes.

Thus, a simple 2D flight model was developed that allows us to estimate the flight
performance and analyze the mission of a fixed-wing and multi-rotor Unmanned Aerial
Vehicle (UAV) with a hybrid electric propulsion system (HEPS) with both conventional and
VTOL capabilities in order to analyze the effect of control parameters on the UAV’s transient
response during a given flight simulated mission. The control is based on the continuous
specification of pitch angle, propulsion thrust, and lift thrust to achieve the conditions of a
given flight segment. Six different mission profiles were considered to perform a parametric
study to help select an appropriate combination of the control parameters and achieve
better control performance. This parametric study is applied in a systematic way.

The remainder of this paper is structured as follows (Figure 1): Section 2 describes
the numerical formulation encompassing the equations of motion, the control approach
for various flight conditions, and the calculation of control gains from given control pa-
rameters. Section 3 details the procedure to identify the lower and upper bounds of the
control parameters used in the parametric study aimed at selecting the control parameters’
combination for best performance. Section 4 presents the hybrid propulsion VTOL UAV
characteristics and the different analyzed mission profiles. The results obtained from the
simulations performed in the parametric study are discussed in Section 5. Section 6 contains
the conclusions.

MNumerical Optimization of Mission profiles Simmulation
modeling *| control parameters [ *| UAV characteristics | | results
) ) v
-Flight dvnamics Study 1 5 o .
-Equations of metion Curve fitting (Asrodynamics, mass)
-Control flight simulations Objective functions
(Szements satting, control i
gains, control parameatars) Study 2
Salact control
paramsters

Figure 1. Diagram of the paper’s structure.

2. Numerical Modeling
2.1. Flight Dynamics

The aerodynamic and propulsion models, as well as the longitudinal equations of
motion, are herein described since they are the tools for modeling the aircraft response to
the environment and the control commands. Only the motion in the vertical xz-plane is
represented here.

The acting forces on the UAV during a flight are shown in Figure 2, which include
propulsive forces (in red), aerodynamic forces (in grey), ground forces (in pink), and weight
(in orange), resulting from its motion through the air.
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Figure 2. Schematic representation of the forces acting on a UAV during a flight.

The flight airspeed V is given by:

V = 4/02 + 02 1)

where vy and v, are the velocity component in x- and z- directions, horizontal and vertical,
respectively.

The aircraft’s attitude angles are defined by the pitch angle 6 and the bank angle ¢.
The trajectory angle y and the angle of attack a are related by:

— asin( 2
v = asm( v ) 2)
0=a+7 3)
In the presence of head wind (vy) in the x-direction, the flight speed is defined as:

Vo = \/ (0 + v0)? + 02 “4)

The angle of attack a« becomes:

a=0- asin(f/‘i) (5)

The resulting aerodynamic forces are defined as:
X, = —Lcosgsiny — Dcosy (6)
Z, = Lcosgcosy — Dsiny (7)

where X, and Z, represent the aerodynamic forces in the x- and z-directions, respectively,
L is the aerodynamic lift force, and D the aerodynamic drag force.

The propulsive forces are composed of two components, the propulsion thrust (T}),
and the lift thrust (T;). The propulsion thrust (T;) is parallel to the longitudinal axis of the
aircraft, and the lift thrust (T) is perpendicular to it. The resulting propulsive forces are:

Xp = Tpcost) — Tjcoso 8)
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Zy = Tysinb + Tjsinf 9)

Ground forces consist of three components, which exist only when the aircraft is in
contact with the ground. When the aircraft is launched by a catapult, there is the average
force of the catapult (F;) and the ground reaction force (F,) that is normal to the trajectory,
the latter being given by:

Fy = Fg(Wcosy — L — Tycosa — Tpsina) (10)

where Fy is a factor that is 1 when the aircraft is in contact with the ground and 0 when it is
airborne. W is the aircraft weight.F, is the rolling friction forcewhich is given by:

F, = pF, (11)

where y is the rolling friction coefficient.
The resultant ground forces in the x- and z- directions are defined by:

Xg = —Fysiny + (F. — Ey)cosy (12)

Zg = Fycosy + (F. — F,)siny (13)

The weight force components are just X, = 0 and Z;,, = W.

2.2. Equations of Motion

Adding together all the components of the force described above and using Newton’s
second law, the general equations of motion are:

do
md—t"zxa+x,,+xg+xw (14)
dou,

2.3. Control during Flight Simulation
2.3.1. Setting Propulsion Thrust

During the forward flight, it is necessary to control the propulsion thrust to hold speed.
By applying Newton’s second law, the force can be specified as a function of the speed
error and is obtained as such:

dov
Xy = m = ko (v,ef - v) (16)

where X,, is the resultant of all the external forces acting on the system in the trajectory
direction, m is the total mass, k¢, is a gain constant to set propulsion thrust to hold speed,
and Vi, and V are the required and current speeds, respectively. The force in Equation (16)
is also equal to:

Xy = Fg+ Tycosa (17)

where F; = (X, 4+ Xg + Xo)cosy + (Za + Zg + Zy)siny + Tysina is the force in the trajec-
tory direction, excluding the propulsion thrust component. By substituting Equation (17)
into Equation (16), the required propulsion thrust is obtained as:

. kh,(vref - V) —F

cosx (18)
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2.3.2. Setting Lift Thrust

During the vertical takeoff and vertical landing, it is necessary to achieve a given
vertical speed. Thus, the lift thrust necessary to hold the rate of climb can be specified as a
function of the rate of climb error in the following form:

dvu,
Z = mﬁ = kyp (vzn,f — vz) (19)

where ki, is a gain constant to control lift thrust to hold speed and v, and v; are the
required and current rates of climb, respectively. Z is the resultant vertical force to calculate
thrust to hold altitude and is defined by:

Z = Fc + Tjcosf (20)

where Fre=(Z; + Zg + Zy) + Tpsinf is the sum of all vertical forces except for the lift thrust
component.
From Equations (19) and (20), the required lift thrust is obtained as:

T ki (Uz,ef - Uz) — Fre ’
= cos6 1)

During the transition and hovering flight, it is necessary to maintain a given altitude.
Then, the lift thrust necessary to hold the altitude can be given in the form:

dov d?z dz
Z=m—-= m—= = kth] (Zref - Z) - kthzi (22)

dt dt t
where z,,¢ is the required altitude, z is the current altitude and ky,, and ky, are the pro-
portional gain to set lift thrust to hold the altitude and its derivative, respectively.Z is the
resultant vertical force to calculate thrust to hold the altitude defined by Equation (20).
From Equations (20) and (22), the required lift thrust to hold the altitude is obtained as:

T, — kth1 (Zref - Z) - kthzvz — Fe

1= (23)

cosf

2.3.3. Setting Pitch Angle

For hovering and vertical flight (vertical takeoff and vertical landing), it is necessary
to hold position with a pitching attitude. The horizontal force can be written as:

2
X = mdditx = m% = ko, (xref — x) — k“er%C (24)
where k,,, denotes the proportional gain to control the pitch attitude to hold position,
kyx, is the derivative gain to set the pitch attitude to hold position, and x,.s and x are
the required position and the current position, respectively. X represents the resultant
horizontal force given by:

X = Fy + T;sinf (25)

where F, = (Xa + X + Xw) + Tpsind denotesthe horizontal force, excluding the lift thrust
component.
From Equations (24) and (25), the required pitch angle to hold position is obtained as:

—koyx, (xn,f — x) + ko, 0x + Fx

0 = asi
asin T

(26)
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During the conventional climb and descent phases, it is required to hold speed (V) by
specifying a pitch angle (¢). The following equation can be used:

av
Xyo = m°p = kw(v,ef - V) (27)

where k., is a gain constant to hold speed with the pitch angle and X, is defined by:
Xy = B — Wsiny (28)
where F; = (X, + Xg + Xa)cosy + (Zp + Zg + Zg)siny is the force in the trajectory direc-

tion, excluding the weight component. Substituting Equation (28) in Equation (27) and
using Equation (3), the required pitch angle to hold speed is obtained as:

0 = asin [ktv(vref _ V) ~h

W +a (29)

For the transition and cruise, holding the altitude (z) by specifying the pitch angle ()
can be achieved by writing the rate of climb as follows:

dz )
P Vsiny =k, (Zref — z) (30)

where k., is the gain constant to hold the altitude with the pitch angle. Then, using
Equation (3), the required pitch angle to hold the altitude is obtained as:

k')/z (Zygf - Z)
6 = asin — +w (31)

2.3.4. Control Gains and Control Parameters

The gains’ values used to set the required pitch angle, propulsion thrust, or lift thrust
are obtained from the solution of the control of differential equations.

Equations (16), (19), (27), and (30) are first-order differential equations of the form

- t-u= Euref (32)

where u is the controlled variable, u,. is the required value of the controlled variable, k
is the control gain, and c is a characteristic of the system. The solution of Equation (32) is
given by:

U= Upf + Ce_Tkt (33)

where C is the amplitude. Considering that one requires half amplitude to be achieved at
the time t = ¢,, the control gain k becomes:

c 1

In Equation (34), c takes the value of m from Equations (16), (19), and (27) or the
unit value from Equation (27). Here ¢, is the time constant which is a specified control
parameter.

Equations (22) and (24) are second-order differential equations of the form

dzu k2 dl k1 k1

A T T (35)
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where ki and k; are the proportional and the derivative control gains, respectively, and
whose solution is given by

ki = c%, with w = ZT” 36)
— w ;
ky = 26777\/@,701”1 0<y<l1

where w is the frequency, 1 is the damping ratio, and T the period. These two latter
parameters are also specified control parameters. In Equation (36), c takes the value of m
from Equations (22) and (24).

From the above equations, the gains are obtained given the control parameters. These
are as follows: ky, is set as a function of the time constant t4;; kj,, as a function of the time
constant t;,; ky,, and kyy, are set as functions of damping ratio 77, and period Ty,; kqx; and
k.x, are set as functions of damping ratio 77, and period T,; k,y is set as a function of the
time constant ., and k. is set as a function of the time constant .

3. Optimization of Control Parameters

Two objectives are considered in the current study. One is to identify the control
parameters and corresponding lower and upper bounds such that a given mission is well
simulated without control divergence. The other is to analyze their effects on the UAV
flight simulation by performing both conventional and VTOL segments in different mission
profiles in order to obtain the best combination of control parameters that minimize a given
mission performance function.

In the first objective, the mission segments that exhibit transient oscillatory responses
are analyzed. As the optimal solution cannot be found from an arbitrary initial choice, one
way to accurately determine the period of oscillation and the damping ratio of the motion
is to find the best-fit curve through the simulation data points. To this end, the least-squares
polynomial-curve fit is used for the pitch attitude and thrust responses. Hence, all peaks
and valleys of the oscillatory response are detected automatically and used to obtain the
maximum and minimum bound curves of the motion; then, a sinusoidal-fit curve equation
is used to fit the data points and to obtain the amplitude, the damping, the frequency, and
the phase angle, as follows:

Y (t) = Ae 1%t cos (wm/l —n2t+ ﬁ) (37)

where A, 11, wy, and B represent the amplitude, the damping ratio, the natural frequency,
and the phase angle, respectively.

This procedure is applied to the cruise segments, which exhibit the transient oscillatory
response at the end of the transition to gain speed or at the end of a climb. After extracting
the values of A, 1, wy,, and B, we need to define the lower and upper bounds of the control
parameters. This is performed by separately analyzing the thrust and the pitch angle (6)
curves of each of the specified mission profiles. The function in this problem, Equation (38),
is calculated for every ith case in a set of n control parameter combinations:

Aj i Wi \ !

fparm,l B WA Aaw + W,? Navr + Ww (wnaw) (38)
where W4, Wy, and W, are weighting coefficients; A and Ay, represent the amplitude and
the average amplitude, respectively; # and #4,r are the damping ratio and the average
damping ratio, respectively; w; and wy,4,r are the natural frequency and the average natural
frequency, respectively. The value of f};,» must be maximized to reduce the oscillations
and smooth out the control response. From all analyzed mission profiles, the minimum
and maximum values of the control parameters that maximize Equation (38) are selected as
lower and upper bounds for the next analysis.
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The second objective is to optimize the control parameters by selecting the best combi-
nation that minimizes the following equation:

M fyel i Ebatt,i
- Wy L (39)
Xmax M fuelyay battpay

fob],

where Wi, W,, W3, and W, denote weighting coefficients; t and f,,,x are the time and the
maximum time at the end of the mission, respectively; x and x;,, are the hover x-position
difference and the maximum hover x-position difference, respectively; m g, and m e,
are the remaining fuel mass and the maximum remaining fuel mass at the end of the
mission, respectively; Epq and Ep,y,,, . are the remaining battery energy and the maximum
remaining battery energy at the end of the mission, respectively.

Equation (39) is calculated for every ith specified combination of the control parame-
ters. The minimization of f,j; aims to achieve better control performance by selecting an
appropriate combination of the control parameters weighing the resulting mission time, x
distance difference, and fuel mass and battery energy consumption. This approach results
in selecting the control parameter combination that leads to a mission that takes less time
to complete and uses less energy.

The procedure to estimate the best control parameters is presented in the flow chart
shown in Figure 3. In the first study, the curve fitting procedure is applied to define the
minimum and maximum bound curves, using Equation (37) to fit the flight simulation data
points and to obtain the amplitude, damping, frequency, and phase angle of the transient
motion. Then, a set of minimum, maximum, and step-change values for every control
parameter is applied in a set of n combinations. After running the possible combinations
affecting the cruise, the control parameters’ values that minimize Equation (38) are selected
as bounds for the second study. Then, in the second study, the control parameters are
optimized by minimizing Equation (39) to achieve better control performance.

Initializa variablas

| ™ set of control parameters |

Mission simulation

XMy and Epge I

| Seleet best combination (E.39) |

Figure 3. Parameters’ identification and parametric study flow chart.
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4. Mission Profiles and UAV Characteristics

In this study, six different UAV sample mission profiles are analyzed. The selected
different profiles capture the different flight capabilities typical of a fixed-wing multi-rotor
VTOL aircraft. The first mission profile (Mission 1) consists of nine flight phases, starting
with a vertical takeoff at 3 m/s up to 45 m altitude, an acceleration transition up to 20 m/s, a
cruise of 200 m at 23 m/s, a deceleration transition to 0 m/s, a hover of 60 s at 45 m altitude,
a second acceleration transition, a cruise of 200 m at 23 m/s and another deceleration to
0m/s, and finally a vertical landing to 0 m altitude at —1.5m/s.

In the second mission profile (Mission 2), five flight phases are chosen: a vertical
takeoff at 3 m/s up to 45 m altitude, an acceleration transition up to 20 m/s, a cruise of
2000 m at 23 m/s, and a deceleration transition to 0 m/s before a vertical landing to 0 m
altitude at —1.5m/s.

Eleven flight phases are used in the third mission profile (Mission 3): a vertical takeoff
at 3 m/s up to 45 m altitude, an acceleration transition up to 23 m/s, a climb at 23 m/s till
100 m altitude before a cruise of 200 m at 100 m altitude at the same speed, a deceleration
transition, a hover of 60 s at 100 m altitude, a second acceleration transition, a cruise of
200 m distance at 23 m/s and 100 m altitude, a descent at 28 m/s to achieve 45 m altitude
and another deceleration to 0 m/s, and at the end a vertical landing to 0 m altitude at
—1.5m/s.

For the fourth mission profile (Mission 4), seven phases are studied: a vertical takeoff
at 3 m/s up to 45 m altitude, an acceleration transition up to 23 m/s, a climb of 100 m at
23 m/s till 100 m altitude before a cruise of 2000 m at 100 m altitude at the same speed, a
descent at 28 m/s and 45 m altitude, a deceleration transition, and a vertical landing to 0 m
altitude at —1.5m/s.

Mission profile five (Mission 5) consists of a takeoff, a climb of 100 m at 23 m/s, a
cruise of 200 m at 23 m/s, a transition, a hover of 60 s at 100 m altitude, a transition and a
second cruise of 200 m distance and 100 m altitude at 23 m/s, and a final descent at 28 m/s
to the takeoff altitude with the goal of landing.

The last mission profile (Mission 6) has five flight phases: a takeoff at 23 m/s, a climb
of 100 m at 23 m/s, and a cruise of 2000 m at 23 m/s, ending by descent at 28 m/s to the
takeoff altitude with the goal of landing.

The studied hybrid propulsion VTOL UAV is typical of a light UAV under 25 kg of the
maximum takeoff mass. It has one internal combustion engine for horizontal thrust and
eight electric motors arranged in pairs in a quadcopter configuration for the vertical lift.
The UAV’s main characteristics are presented in Table 1. The model combines numerous
system components: an internal combustion engine (ICE) coupled with a generator and
propeller for horizontal propulsion, whereas vertical propulsion comprises a battery, electric
motors (EM), an electric speed controller (ESC), and propellers. The aerodynamic and
propulsion characteristics of the UAV were estimated using the methodology presented by
Albuquerque et al. [24] and are summarized below in Equations (40)—(42).

Table 1. UAV characteristics.

Aircraft Mass [kg] Fuel Mass [kg] Wing Area [m?] Lonax
24.87 1.13 0.910 1.32

The lift and drag coefficients, C; and Cp, respectively, can be defined by the following
equations:

(40)

Cr = 0.427 4+ 0.0918«
Cp = 0.0295 — 0.0027C;, + 0.0301C; 2
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Given the UAV characteristics and mission data, the propulsion system curves of the
internal combustion engine and propeller used to estimate the forward flight thrust are:

Vinax = 12.27 4 178.498,1g — 262.68¢ng” + 246.8180ng> — 90.1280*
Npax = 2046 + 297680¢ng — 437990eng” + 411688¢ng° — 1503150,
N = Nyax exp(—0.63 — 0.447f, + 2.518f,% — 1.705f,> + 0.261f,*)

T, = 5eng(p%) In(N)(11.07 — 10.02f, — 13.49f,* + 33.1f,> — 20.73fo*) fleng

(41)

where Vi, is the maximum airspeed of the propeller, J¢ is the internal combustion
engine power setting, Ny;qx is the maximum engine speed, N is the current engine speed,
fo = V/Vinax, p is the air density, pg is the ISA sea-level air density, and Neng is the number
of engines.

The propulsion system curves of the electric motors and propellers used to estimate
the vertical flight thrust are defined as follows:

Vipax = 0.31 4 2164610t + 9.798,1012 — 15.278 01> + 6.868 0t

0.5
I= 6ol (£) 7 (96.84 — 2053, + 118.73f,% — 362.86f,° + 2072, (42)

T) = ot (pﬂo) 19%6(11.42 — 18.19f, + 28.42f,% — 34.48f,> + 12.96 f,* ) ot

where ¢ is the electrical motors power setting, I is the motor’s drawn current, and 72,
is the number of electric motors.

5. Results and Discussion

A parametric study is carried out to analyze the effects of the control parameters
on the UAV flight simulation using conventional and VTOL flight segments in different
mission profiles.

Figure 4 shows the polynomial-curve fit results of the pitch angle (¢) and the propul-
sion thrust responses for the cruise ofMissionl. From these, all the peaks and valleys are
detected automatically and used in the curve fitting procedure to define the maximum
and minimum bound curves using Equation (37) to fit the flight simulation data points to
obtain the amplitude, damping, frequency, and phase angle. A set of minimum, maximum,
and step-change values for every control parameter was defined, and after running the
possible combinations affecting the cruise, the control parameters’ values that minimize
Equation (38) were selected as bounds and are shown in Table 2.
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Figure 4. Identification of control parameters bounds for Mission 1.
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Table 2. Control parameter bounds obtained from analysis 1.

Control Parameters Mission 1 Mission 2 Mission 3 Mission 4 Mission 5 Mission 6
tyu [s] 15.00-25.00 15.00-25.00 15.00-25.00 15.00-25.00 15.00-25.00 15.00-25.00
ton 8] 1.50-2.17 1.50-2.17 1.50-2.17 1.50-2.17 1.50-2.17 1.50-2.17
to [s] 11.17-25.00 11.17-25.00 10.00-25.00 10.00-25.00 10.00-25.00 10.00-25.00
try [s] 0.15-0.25 0.15-0.25 0.15-0.25 0.15-0.25 0.15-0.25 0.15-0.25
Ty, [s] 2.00-6.00 2.00-6.00 4.67-6.00 4.67-6.00 4.67-6.00 4.67-6.00
N [-] 0.52-0.60 0.52-0.60 0.37-0.60 0.37-0.60 0.37-0.48 0.37-0.48
T, [s] 2.50-6.00 2.50-6.00 2.50-6.00 2.50-6.00 2.50-6.00 2.50-6.00
7y [-] 0.20-0.60 0.20-0.60 0.20-0.60 0.20-0.60 0.20-0.60 0.20-0.60

Then, a second parametric study is carried out to optimize the control parameters by
minimizing Equation (39) to achieve better control performance by selecting an appropriate
combination of the control parameters, taking into account the time, x-distance difference,
fuel mass, and battery energy consumption. The optimized parameters are shown in Table 3
for each mission with the average values (AVR) and the standard deviation (STDEV).

Table 3. Control parameter inputs obtained from analysis 2.

Control Parameters Mission1 Mission2 Mission3 Mission4 Mission5 Mission 6 AVR STDEV
tyy [s] 15 15 15 18.33 15 15 15.56 1.36
tWh [s] 1.94 1.72 1.5 1.5 1.5 2.17 1.72 0.28
tto [s] 15.78 20.56 15 10 10 25 16.06 591
tp [8] 0.15 0.18 0.15 0.15 0.15 0.15 0.16 0.01
Ty, [s] 6.0 6.0 6.0 6.0 6.0 4.67 5.78 0.54
i 1] 0.53 0.58 0.37 037 0.37 037 043 0.1
Ty [s] 6.0 6.0 6.0 6.0 6.0 6.0 6.0 0
Ny [-] 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0

The simulation results are shown in Figures 5-10, where the traveled distance, altitude,
pitch angle, and propulsion thrust are plotted as functions of time.
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Figure 5. Results comparison of Mission 1: (a) optimized parameters; (b): average parameters.
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Figure 8. Results comparison of Mission 4: (a) optimized parameters; (b): average parameters.
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Figure 10. Results comparison of Mission 6: (a) optimized parameters; (b): average parameters.

In Figure 5a, during the vertical takeoff from ¢t = 0 s to 15 s, the UAV climbs vertically
until 45 m of altitude is reached under the electric rotors thrust where the pitch angle is
kept at 0°, then it starts to move forward for the acceleration transition with the engine
thrust while being assisted by the electric motors until the speed of 20 m/s is achieved,
with a pitch angle of —10°. After ¢ = 20.7 s, the electric motors are turned off, and the UAV
starts cruising for 200 m at 23 m/s using the engine thrust, where lift force is obtained from
the wings. Att =29.8 s, the UAV switches to the electric motors and turns off the engine;
the pitch angle increases up to 25°, creating an increased drag force for the deceleration
transition until the speed reaches 0 m/s. Then, it hovers for 60 s, and the pitch angle
becomes 0° again. Att =102 s, the UAV starts the engine for the acceleration transition
while the rotational speed of the motor decreases until the speed reaches 20 m/s, then the
electric motors are turned off for the cruise at 23 m/s for 200 m using only the engine thrust,
where lift force is obtained entirely from the wings; another deceleration transition starts at
t =118 s, where the engine is turned off, and the electric motors are turned on; the pitch
angle rises to increase the drag force until the speed becomes 0 m/s, and the UAV starts the
vertical landing at f = 131.1 s using electric motors, and the pitch angle becomes 0° again.
From Figure 5b, we can see that between t = 29.2 s and t = 48 s, the UAV took 7 s longer
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to start the hover than in Figure 5a. This is also noticed during the second transition from
t=125sto 144s.

In Figure 6a, the UAV climbs vertically and reaches 45 m of altitude under the electric
motors, where the pitch angle is kept at 0° for 15 s; then it starts to move forward for the
acceleration transition with the engine thrust while being assisted by the electric motors
until the speed of 20 m/s is achieved, in which the pitch angle becomes —10° due to the
propulsion engine. After 21.2 s, the electric motors are turned off, and the UAV starts
cruising using the engine thrust, and the lift force is obtained from the wings for 2000 m at
23 m/s. Att=109.3 s, the UAV switches to the electric motors and turns off the engine,
and the pitch angle increases to 25°, leading to an increased drag force for the deceleration
transition until the speed reaches 0 m/s. Att =122.6 s, the pitch angle becomes 0° again,
and the UAV starts the vertical landing. Figure 6b shows the mission profile with the
average parameters in which the UAV spends almost three times longer than when using
the optimized parameters to switch from the cruise to the vertical landing between 107.7 s
and 144.7 s.

In Figure 7a, from t = 0 s to t = 15 s, the UAV starts the vertical takeoff to reach
45 m of altitude using the electric motors and a pitch angle of 0°; then the engine thrust
is turned on to get the horizontal speed while the rotational speed of the electric motor
decreases. Att =19.9 s, the horizontal speed reaches 23 m/s, the UAV starts to climb as a
conventional fixed-wing aircraft to reach 100 m altitude, and the electric motors are turned
off. Att=29.7s, the UAV starts cruising for 200 m using the engine thrust, where the lift
force is obtained from the wings. From t = 38.3 s to 52.2 s, the engine is turned off, and the
electric motors are turned on for the deceleration transition, making the pitch angle become
25°, causing an increased drag force until the speed achieves 0 m/s to hover for 60 s using
the electric motors. Att=112.4 s, the UAV switches to an acceleration transition, where the
engine is turned on while the rotational speed of the electric motor decreases; at t =119.4 s,
the horizontal speed reaches 23 m/s, and the UAV starts cruising for 200 m using only the
engine thrust while the electric motors are turned off, where lift force is obtained entirely
from the wings. Att =128.4 s, the UAV starts descending to reach 45 m of altitude until
t = 158 s, where the UAV switches to the electric motors and turns off the engine, and the
pitch angle is increased, leading to an increase in drag force for the deceleration transition
until the speed reaches 0 m/s. Here, the pitch angle becomes 0° again, and the UAV starts
the vertical landing using the electric motors. The effect of the average parameters can be
seen in Figure 7b, in which delays of 32 s and 8 s are observed relative to the optimized
parameters’ case during the deceleration transitions, the first between t =38.7 sand t =85 s
and the second between t = 19.3 s and 217 s, respectively.

Figure 8a shows the results of Mission 4, where the UAV starts with a vertical takeoff
to 45 m of altitude using the electric motors and a pitch angle of 0° until ¢ = 15 s; then the
engine thrust is turned on to get the horizontal speed, while the rotational speed of the
electric motors decreases for the acceleration transition. At f = 20.8 s, the horizontal speed
reaches 23 m/s, and the UAV climbs until an altitude of 100 m is reached as a conventional
fixed-wing aircraft with the electric motors turned off. At t=30.5s, the UAV starts cruising
for 2000 m using the engine thrust, where the lift force is obtained from the wings. At
t =116.9 s, the UAV starts descending to reach an altitude of 45 m until ¢ = 146.5 s, where
the UAV switches to the electric motors and turns off the engine. In the process, the pitch
angle increases, leading to a greater drag force for the deceleration transition until the
speed reaches 0 m/s. Att =166.8 s, the pitch angle becomes 0° again, and the UAV lands
vertically using the electric motors. In Figure 8b, we can also notice that the UAV takes 27 s
longer in the deceleration transition from f = 146 s when compared to Figure 8b.

Figure 9a presents the results of Mission 5. The UAV starts with a conventional takeoff
using the engine; at t = 8.3 s, the horizontal speed reaches 23 m/s, and the UAV climbs as a
conventional fixed-wing aircraft up to an altitude of 100 m. After t = 26 s, the UAV starts
cruising for 200 m. From ¢ = 34.9 s to 51.6 s, the engine is turned off, and the electric motors
are turned on in the deceleration the transition, where the pitch angle increases, causing
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an increased drag force until the speed achieves 0 m/s to hover for 60 s using the electric
motors. Att=111.8s, the UAV switches to the acceleration transition, in which the engine
is turned on, while the rotational speed of the electric motors decreases; at t = 118.9 s, the
horizontal speed reaches 23 m/s, and the UAV starts cruising for 200 m using only the
engine thrust, while the electric motors are turned off until ¢ = 129.7 s when the UAV starts
descending to the final landing. Looking at Figure 9b, from t = 34.8 s, the UAV takes 70 s in
the deceleration transition before starting hovering, which is 45 s longer than when using
the optimized parameters (Figure 9a).

Figure 10a shows the results of Mission 6. The UAV starts with a conventional takeoff
using the engine, and at t = 8.3 s, the horizontal speed reaches 23 m/s when the UAV climbs
as a conventional fixed-wing aircraft up to an altitude of 100 m. After t = 26 s, the UAV
starts cruising for 2000 m. From t = 34.9 s to 51.6 s, the engine is turned off, and the electric
motors are turned on in the deceleration transition, where the pitch angle is increased,
causing the drag force to increase until the speed achieves 0 m/s to hover for 60 s using
the electric motors. From t = 111.8 s, the UAV switches to an acceleration transition, in
which the engine is turned on while the rotational speed of the electric motors decreases;
at t = 118.8 s, the horizontal speed reaches 23 m/s, and the UAV starts cruising for 2000 m
using only the engine thrust, while the electric motors are turned off. When ¢t =127.9 s, the
UAYV starts descending until the final landing. Compared with Figure 10b, no differences
can be seen in this mission profile since there was no transition segment.

From the comparison of the results between the mission simulations using the op-
timized and the average control parameters, we can notice that the control parameters
affect the mission in each deceleration transition, resulting in a longer time to reduce the
cruise speed to stand still. This segment is characterized by a large increase in pitch angle
to increase the drag to help reduce the speed in a short time. It is observed that if the
control parameters in this segment are not well-tuned, the controller struggles to adjust the
pitch angle.

Tables 4-9 present a summary of the comparison of the optimized parameters and the
average parameters of each simulated mission, where At, Ax, Am ), and AEp,; represent
the time, traveled distance, fuel mass and battery energy, respectively, spent in each
segment. Battery energy consumption is at its highest during hover and vertical flights,
while fuel consumption is highest during the cruise and descent. In each mission, the
control parameters show greater influence during deceleration transitions, as compared
with the optimized parameters, where the average control parameters lead to longer time
intervals and larger energy and fuel consumption.

Table 4. Comparison of the results for Mission 1.

Optimized Parameters Average Parameters

Flight At [s] Ax [m] Amgp kg]  AEpgs [K]] At [s] Ax [m] Amg, kg]  AEpgs [K]]
V-takeoff 14.9 0 0 49.713 14.9 0 0 49.698
Transition 5.8 66.245 0.001 12.332 5.4 60.301 0.001 13.334

Cruise 9 201.294 0.001 0.168 8.9 200.221 0.001 0.239
Transition 12.7 203.044 0.001 9.729 19.7 223.558 0.001 23.069

Hover 60.1 0 0.001 122.972 60.1 0 0.001 122.976
Transition 6.9 74.569 0.001 12.427 6.9 74.493 0.001 12.444

Cruise 9.1 202.174 0.001 0.141 9.1 202.135 0.001 0.143
Transition 12.5 198.42 0.001 9.733 19 213.926 0.001 22.45
V-landing 29.6 0 0 59.211 29.6 0 0 59.23

Total 160.6 945.746 0.007 276.426 173.6 974.634 0.007 303.583
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Table 5. Comparison of the results for Mission 2.

Optimized Parameters

Average Parameters

Flight At [s] Ax [m] Amper [kg]  AEpas [KJ] At [s] Ax [m] Amper [kg]  AEpas [KJ]
V-takeoff 15 0 0 49.954 14.9 0 0 49.698
Transition 6.1 70.038 0.001 11.289 54 60.301 0.001 13.334

Cruise 88.1 2001.435 0.008 0.122 87.4 2000.105 0.008 0.239
Transition 13.3 222.959 0.001 9.186 37 295.17 0.002 56.541
V-landing 29.6 0 0 59.193 29.6 0 0 59.217

Total 152.1 2294.432 0.01 129.744 174.3 2355.576 0.011 179.029
Table 6. Comparison of the results for Mission 3.
Optimized Parameters Average Parameters

Flight At [s] Ax [m] Amg,p kg]  AEpgs [K]] At [s] Ax [m] Amgp kg]  AEpgs [K]]
V-takeoff 14.9 0 0 49.713 14.9 0 0 49.698
Transition 49 52.681 0.001 14.24 5.4 60.301 0.001 13.334

Climb 9.8 228.867 0.001 0.335 9.8 226.714 0.001 0.239

Cruise 8.6 202.331 0.001 0 8.6 201.059 0.001 0
Transition 14 237.099 0.001 9.306 46 345.663 0.002 74.04

Hover 60.1 0 0.001 123.346 60 0 0.001 123.137
Transition 7 76.284 0.001 12.716 7 76.389 0.001 12.666

Cruise 9 201.547 0.001 0.146 9 201.392 0.001 0.143

Descent 29.5 736.472 0.004 0 29.6 737.525 0.004 0
Transition 19.7 381.766 0.002 9.086 26.6 400.769 0.002 22.442
V-landing 29.5 0 0 58.983 29.6 0 0.001 59.21

Total 207 2117.047 0.013 277.871 246.5 2249.812 0.015 354.909
Table 7. Comparison of the results for Mission 4.
Optimized Parameters Average Parameters

Flight At [s] Ax [m] Amger [kg]  AEpas [K]] At [s] Ax [m] Amger [kg]  AEpas [K]]
V-takeoff 15 0 0 49.874 14.9 0 0 49.698
Transition 5.8 66.401 0.001 12.436 54 60.301 0.001 13.334

Climb 9.7 222.661 0.001 0.171 9.8 226.714 0.001 0.239

Cruise 86.3 2002.245 0.008 0 86.2 2001.008 0.008 0

Descent 29.6 747.637 0.004 0 29.8 751.358 0.004 0
Transition 20.3 393.091 0.002 9.532 47.9 480.085 0.003 65.165
V-landing 29.6 0 0 59.184 29.6 0 0 59.198

Total 196.3 3432.035 0.016 131.197 223.6 3519.466 0.017 187.634
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Table 8. Comparison of the results for Mission 5.
Optimized Parameters Average Parameters
Flight At [s] Ax [m] Amper [kg]  AEpas [KJ] At [s] Ax [m] Amper [kg]  AEpas [KJ]
Takeoff 8.2 97.517 0.001 0 8.2 97.517 0.001 0
Climb 18 416.935 0.003 0 18 417.088 0.003 0
Cruise 8.6 200.388 0.001 0 8.6 200.386 0.001 0
Transition 16.8 265.156 0.002 113.163 61.9 443.969 0.002 105.722
Hover 60.1 0 0.001 123.336 60 0 0.001 123.125
Transition 7.1 78.048 0.001 12.088 7 76.392 0.001 12.664
Cruise 9 200.111 0.001 0 9 201.398 0.001 0.143
Descent 53.9 1395.645 0.007 0 54.2 1404.043 0.007 0
Landing 24.3 444.694 0.002 0 244 445.294 0.002 0
Total 206 3098.494 0.019 146.741 251.3 3286.087 0.019 241.656
Table 9. Comparison of the results for Mission 6.
Optimized Parameters Average Parameters
Flight At [s] Ax [m] Amger [kg]  AEpas [K]] At [s] Ax [m] Amper [kg]  AEpas [K]]
Takeoff 8.2 97.517 0.001 0 8.2 97.517 0.001 0
Climb 18 416.935 0.003 0 18 417.088 0.003 0
Cruise 85.8 2000.008 0.008 0 86.1 2001.812 0.008 0
Descent 54.1 1415.223 0.007 0 54.3 1417.393 0.007 0
Landing 242 44291 0.002 0 243 443.895 0.002 0
Total 190.3 4372.593 0.021 0 190.9 4377.705 0.021 0

The analysis of Mission 1 was repeated using a quasi-static analysis, whereby at each
time instant during the simulation, the appropriate speeds are set, and from the equilibrium
of horizontal and vertical forces, the propulsion thrust, the lift thrust, and the pitch angle
are computed. In this case, there is no direct control of the flight, but the state of the aircraft
is prescribed at each time instant. This is a more typical approach to estimating mission
performance in the early stages of aircraft design due to its simplicity.

Table 10 presents a summary of the comparison of the mission profile analyzed with
the approach presented above and with the quasi-static approach. It is observed that
the quasi-static approach underestimates both fuel and battery energy consumption and
overestimates flight time and distance covered. These differences occur because, unlike in
the controlled simulation, in the quasi-static analysis, there is a step change in the aircraft
state when it transitions from one segment to the next; therefore, the transient response
is not captured. It is also observed that greater differences take place in the transition
segments where great changes in speed and pitch attitude occur. The transient response
at the beginning, at the end, and when propulsion modes change between lift thrust and
propulsion thrust or vice-versa is thus important in predicting these segments’ performance.
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Table 10. Comparison of the results for Mission 1 using current approach and quasi-static analysis.

Optimized Parameters Quasi-Static Analysis

Flight At [s] Ax [m] Ayl [Kg]  AEpa (K] At [s] Ax [m] Ayl [Kg]  AEpa [K)]
V-takeoff 14.9 0 0.2 x 1073 49.713 14.7 0 0.1 x 1073 47.842
Transition 5.8 66.245 0.7 x 1073 12.332 7.4 83.082 0.2 x 1073 9.491

Cruise 9 201.294 0.8 x 1073 0.168 8.7 200.056 02x1073 0
Transition 12.7 203.044 12 x 1073 9.729 15.0 255.881 0.4 x 1073 8.422

Hover 60.1 0 0.8 x 1073 122.972 60.0 0 02x1073 122.744
Transition 6.9 74.569 09 x 1073 12.427 7.6 84.118 02 x 1073 9.265

Cruise 9.1 202.174 0.8 x 1073 0.141 8.7 200.055 0.2 x 1073 0.000
Transition 12.5 198.42 12 x 1073 9.733 15.0 255.889 0.4 x1073 8.421
V-landing 29.6 0 0.4 x 1073 59.211 29.4 0 0.1x1073 59.047

Total 160.6 945.746 7.1 x 1073 276.426 166.4 1079.081 2.0 x 1073 265.234

6. Conclusions

A numerical investigation of the flight performance of a hybrid electric propulsion
UAV with both conventional and VTOL capabilities was performed. The control of the
mission segments is based on the continuous specification of pitch angle, propulsion
thrust, and lift thrust to achieve the conditions of a given flight segment. The effect of the
control parameters on the UAV’s pitch angle and propulsion thrust, which exhibit transient
oscillatory responses in flight-simulated missions, was analyzed. The main objective was
to achieve better control performance by selecting an appropriate set of control parameters
from a parametric study.

The main conclusions drawn from the results are as follows:

e  The developed mission simulation requires a small number of data regarding the
VTOL UAV characteristics and can be used for a more detailed mission performance
assessment in the initial stages of the design when assessing mission performance.

e  Depending on the mission profile itself and the operating flight conditions, the control
parameters show greater influence during the deceleration transitions where the UAV
switches to the electric motors (VIOL mode) and turns off the engine thrust. This
segment is characterized by a significant increase in pitch angle to increase the drag
to help reduce the speed in a short time. It is observed that if the control parameters
are not well-tuned in this segment, the controller struggles to adjust the pitch angle,
leading to longer segment times to reduce the cruise speed and higher energy and
fuel consumption.

e  Mission-specific optimized parameters produce better control performance in minimiz-
ing mission time, positioning error, and reducing fuel and battery energy consumption
when compared to average parameters obtained as a compromise from several differ-
ent mission profiles.
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