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Abstract

Delivery drones have always faced challenges when it comes to reliably deliver packages. This paper introduces a novel
concept of a hybrid drone called “MICOPTER” to alleviate this issue. Being able to fly in three modes of aircraft, helicopter,
and gyrocopter, the proposed model of the multi-identity helicopter comprises a 2DOF tilting mechanism of rotors and a
folding wing system leading to better performance and controllability. To scrutinize the idea, MICOPTER is compared to
other types of Unmanned Aerial Vehicles (UAVs) in terms of different performance parameters. The performance goal of the
MICOPTER is the realization of a predetermined standard delivery drone mission based on Amazon Prime Air. According
to the relevant literature, the corresponding conceptual design equations are formulated and the traditional matching dia-
gram method is utilized to attain the initial design point. Afterward, a multidisciplinary-feasible design matrix is provided
as well as multi-objective optimization to strive for optimal feasible configurations while maximizing cruise velocity and
range. Furthermore, the configuration and performance of some of the feasible design points on the final Pareto frontier are
compared with the traditional design. Finally, by simulating a typical flight profile and using robust non-linear backstepping
control, the controllability of the proposed configuration is investigated. The controller performance is assessed considering
its stability and tracking 8-shape trajectory. Results indicate the MICOPTER capabilities as a novel configuration in both
terms of design performance and controllability.

Keywords Optimization-based design - Tiltable coaxial rotor - Folding wing - Hybrid UAV - Delivery drone - Vectorial
backstepping

1 Introduction

Today, the unmanned aerial vehicle industry is rapidly devel-
oping thanks to its wide range of applications, both military
and civilian [1]. Drones are broadly classified into three cate-
gories: fixed-wing, rotating-wing, and hybrid aircraft. Fixed-
wing drones have a simpler structure than rotating wing ones
and can fly at higher cruise speeds, at more payload capacity,
and for longer times. However, some fixed wing drones may
require a runway to take off and land, while those launched
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by hand or through a catapult mechanism usually do not
require a runway [2]. Furthermore, rotating wing drones are
benefited from vertical take-off and landing (VTOL), hov-
ering flight, and high maneuverability enabling them to fly
in areas with many obstacles, such as space between urban
buildings. They, however, suffer from mechanical complex-
ity, slow speed, and short flight. In addition to hovering in
the vicinity alongside accomplishing a sustained cruised
flight, Hybrid drones, i.e. models with fixed-wing, can take
off and land vertically. This type of drone combines VTOL
functionality with the standard forward propulsion of a
fixed-wing drone [3]. In most hybrid VTOL drones, rotary
lift propellers are normally incorporated into the wings of
the aircraft, which are then tilted to forwarding flight. Fixed-
wing VTOLSs offer numerous benefits over traditional fixed-
wing unmanned aircraft. They require much less space to
launch and recover and may be carried by other vehicles
such as fast boats to be used in naval warships, as they no
longer require a distinctive region for take-off. They are a
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proper option in programs requiring aerial inspection, mak-
ing the UAV covering a predetermined position for some
efficient approaches to monitoring, detecting, and fighting
forest fires [4].

Advances in the manufacturing, control, guidance and
navigation systems, and energy storage systems have led to
numerous studies for optimization and enhancement of the
performance of hybrid drones, but they have not yet been
fully developed. However, hybrid drones can be divided into
two general categories [5]:

1.1 Convertiplane

Diverse mechanisms have been utilized to develop the con-
vertiplane drones for the transition from vertical flight to
cruise flight. The convertiplane drones can be generally cat-
egorized into 4 classes: 1) tilt-rotor, 2) tilt-wing, 3) rotor-
wing, and 4) dual-systems [5]. Figure 1 depicts some of the
examples of these drones.

1.2 Tail-sitter

The tail-sitter is capable of vertical take-off as well as ver-
tical landing on its tail. The cruise flight is also achievable
by tilting the entire airframe.

According to Table 1, the novel-designed UAV, MICOP-
TER, is categorized as a convertiplane drone. Therefore,
the UAVs of this group are going to be reviewed in this
paper. As presented, hybrid drones are rapidly developing.
Companies such as Amazon, Google, and DHL have started
substantial technical and, in some cases, coordinated public
policy programs to exploit drone delivery [10].

Fig.1 The examples of hybrid
drones. (1) Bell Eagle Eye [6].
(2) DHL parcelcopter 3.0 [7].
(3) Rotor-wing UAV (THOR)
[8]. (4) Arcturus JUMP 15 [9]

(1) Bell Eagle Eye [6]

(3) Rotor-wing UAV (THOR) [8]
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A concrete definition of requirements, design param-
eters and variables, optimization objectives, and con-
straints is required for the integrated design optimization
of mechatronic systems. Engineers from several fields
must collaborate on the design approach in a multidisci-
plinary mechatronics design. The system is subjected to
various constraints imposed by various engineering disci-
plines. An integrated design process is required to address
the impact of these disciplines, as well as the interactions
and coupling between different parameters [17]. Conse-
quently, the present research is an attempt to implement
a Multidisciplinary Design Optimization (MDO) method
for the design and optimization of a hybrid drone with a
new propulsion mechanism based on one of the missions
defined by Amazon flying at 80 km/h at an altitude of
150 m [18]. However, for a new concept of Bi-copter such
as MICOPTER, there is little relevant experience.

The most pertinent configuration in the Convertiplane cat-
egory is the Mono Tiltrotor (MTR). MTR is a novel vertical
takeoff and landing concept that includes a tilting coaxial
proprotor, an aecrodynamically actuated folding wing, and a
suspended and efficient cargo handling system. The MTR,
proposed by Baldwin Technology Company [19], is geared
toward heavy-lift, long-range, VTOL applications, which are
in high demand in today's military.

Lately, few works in coaxial rotor design have focused
on multi-objective design (for both hovering and cruising
states) [20], and the majority of them are predicated on para-
metric studies with no integrated optimization strategies [21,
22]. In addition, in other configurations such as dual systems
[23] and Tail-sitters [24], design approaches using the MDO
method have increased and are being developed.

(2) DHL parcelcopter 3.0 [7]
R~
= e,

<

(4) Arcturus JUMP 15 [9]
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Table 1 Performance record

with other developed drones Contents
Type Name Years Wing span [m] Payload [kg] Max speed Range [km]
[km/h]

1 Wingcopter 178 [11] 2013 1.78 6 151.2 40
DHL Parcelcopter 4.0 [12] 2018  1.78 6 150 45
Wingcopter 198 [13] 2021 1.98 5 144 75

2 QTW-UAS FS4 [14] 2009 1.8 5 150 20
AVIGLE [15] 2011 2 1.5 144 45
DHL Parcelcopter 3.0 [7] 2016 2.2 2 126 8.3

3 THOR [8] 2017 1.05 - - -
Amazon Prime Air Drone [16] 2016  0.91 2.3 80 32.2

After the MDO process, flight simulations were performed
using the results obtained from the feasible design points in the
Pareto frontiers. In addition to determining the controllability of
the designed drone, these simulations can also justify the assump-
tions mentioned in the design section “A novel tilt-rotor hybrid
UAV with a new propulsion mechanism to achieve maximum
range and cruise efficiency”’. MICOPTER can perform attitude
and position motions, resulting in coupled dynamics, as well as
mechanically restricted systems, which do not include uncertain-
ties/perturbations like mechanic deviations, alignments, frictions,
and exact inertia in the model. As a result, in the presence of such
disturbances/uncertainties, a nonlinear robust control approach
based on a nominal model is required to drive the state.

Few designs of the flight control systems for tilt-rotor con-
cepts have been investigated in the past, but they are mostly
focused on quad-copters or tri-copters [25, 26] and the con-
ceptualization of robust control schemes for flight transition
[26-28]. Recently some research has been done on online
identification algorithms to develop adaptive nonlinear flight
control systems which could enhance the performance of the
nonlinear controller algorithms in presence of different sources
of uncertainties. In this way, a combination of Dynamic Pro-
gramming (DP), neural networks, and reinforcement learning
which is called adaptive DP have been proposed in [29, 30].
Besides, to compensate for unknown fault input according to
previously recorded experiences, an Iterative learning control
algorithm (ILCA) is also developed [31]. These approaches,
relying on online identification, have the potential to apply to
hybrid drones with novel and complex configurations.

This paper, on the other hand, focuses on bi-copter design
with a new mechanism and mathematical formulation which
help implement a robust control scheme. Due to the creation
of the tilt mechanism with two degrees of freedom we reached
a fully actuated system derived from our earlier research in
which we used a robust backstepping controller to control the
position and attitude of a bi-copter drone [32]. As a result,
a Multi-Input Multi-Output (MIMO) vectorial backstepping
control method is used to design the control inputs for the three
forces and three torques in 6-DOF motions, considering the

fact that the input distribution matrix is a square and nonsingu-
lar matrix that can be inverted for such a generalized vector of
thrust forces and torques. Some simulation results of the pro-
posed UAV are provided to demonstrate the decoupled control
of position and attitude as well as the tracking performance of
arbitrary position and attitude.

To this end, an explanation of the new concept, as well
as a comparison between MICOPTER and other drones,
has been presented in Section 2 to examine its advantages
and disadvantages. Section 3 describes the conceptual
design process. After completing the multidisciplinary
design optimization in Section 4, the flight dynamic and
controller design with simulation are proposed in Sec-
tions 5 and 6. The conclusions and future studies will be
presented in the last section.

2 Concept Description

Performance improvement in complex missions has led to
the presentation of a novel concept of hybrid drones. To
explain our intentions of presenting this concept, a compre-
hensive classification of previously realized drones based on
their flight mechanism should be first provided. According
to the latest analysis, hybrid drones can be classified into
three types:

e The first type, including the wing and the tilting mecha-
nism of the rotors.

e The second type, which has no wings and is similar to
helicopters.

e The third type, including the wings but without the mech-
anism of tilting the rotors [33].

The purpose of presenting this new conceptual design
includes the wing and the mechanism of tilting the rotors
(the first type). Folding wings changes drones to helicopter
configuration (the second type) that can perform more com-
plex missions. This concept is illustrated in Fig. 2.

@ Springer
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Fig.2 A Drawing of the Intended Concept

2.1 Configuration

The idea for the hybrid drone originated from a Bi-copter
[32]. A fixed-wing system was also added to the mecha-
nism allowing for back and forth tilting of the engines to
improve the performance of the helicopter. Now the ques-
tion is what kind of wings to consider. According to [34],
for the same wing area, better performance can be achieved
by having two wings. Therefore, a special mechanism was
designed for folding two wings.

Fig.3 MICOPTER configura-
tions, a A perspective view of
the MICOPTER in helicopter
mode, b The transition mode,
¢ The airplane mode, d Finally,
the gyrocopter mode

2.2 Mechanism of Motion

This unmanned vehicle uses two 2DOF tiltable motors on
one axis. The required thrust and lift power are provided by
transmitting the motor power to the propellers (in airplane
mode, the lift force will be borne by the wings) in such a
way that one propeller operates clockwise while the other
acts counterclockwise. Balance, control, and stability can
be achieved by changing speeds, tilting angles, and pitch
blades. By replacing the coaxial system [35] for each rotor,
there will be no gyroscopic effect on the rotors, neither roll
nor yaw channel couplings.

2.3 Advantages and Disadvantages
Advantages of the designed UAV over other hybrid UAVs:

e It has folding wings which can save engine power in ver-
tical flight.

¢ Due to the location of the rotors in the longitudinal axis
of the drone, there is no need to control the surfaces.

e Ability to fly in gyrocopter mode and save energy.

e Maintains altitude in the transition mode between the two
helicopter modes to the aircraft

The changes in UAV configuration are depicted in Fig. 3.

@ Springer
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Table 2 Performance record

. Feature Configurations
with other developed drones

CMR CAR TR 4R 6R 8R MI
Ease of Development 1 2 3 5 4 3 4
Cost of Development 2 4 4 4 3 2 4
Ease of Control 1 2 2 4 3 2 3
Mechanical Simplicity 1 2 3 4 3 2 3
Aerodynamic complexity 2 3 3 3 3 3 3
Maneuverability 2 4 3 4 4 4 4
Miniaturization 2 4 3 5 4 3 3
Survivability 3 3 3 3 3 3 3
Low speed flight 3 3 3 3 3 3 5
High speed flight 2 2 2 2 2 2 5
Power efficiency 5 5 4 4 2 2 5
Payload capability 2 2 3 4 5 5 4
Modularity 2 2 3 4 3 3 3
TOTAL 28 40 39 49 43 37 49

To evaluate the value of UAV research and development,
effective factors were taken into account and the new hybrid
UAV was compared with the other UAVs. A grading system was
utilized which ranged between 1 and 5 in which scores of 1, 2, 3,
4, and 5 stand for fair, average, good, very good, and excellent,
respectively. As known, the multirotor vehicle possesses numer-
ous variants defined by the number of rotors. Thus, four, six, and
eight rotor variants were taken into account for this comparison
in which 4R, 6R, and 8R represent Quadrotor, Hexacopter, and
Octocopter, respectively [36]. CMR (Conventional main rotor),
CAR (Coacxial rotors), TR (Tandem rotor), and MI (MICOP-
TER). The details can be found in Table 2.

The results of the above table indicated that the MICOP-
TER can acquire an excellent score in the maximum and
minimum speed parameters due to the installation of a 2DOF
mechanism for the rotors, the wing folding mechanism, and
the ability to change the configuration to three modes: air-
craft, helicopter, and gyroscope. Furthermore, it achieves the
best performance in optimal energy consumption, which out-
performs the other configurations and is equal to the quadro-
tor, thanks to the change of configuration to gyroscope mode
(which reduces the front engine speed by half).

3 Conceptual Design

There is no definitive method for designing hybrid drones.
Regarding their combined configuration, a design method
should be sought. Following the conceptual and initial design
method developed for Tilt Rotor by [37], articles have employed
this method. For instance, a study was carried out in [38], which
involved a Multidisciplinary design optimization using the open-
source tools linking. This method is also applied in this research.

3.1 Mission Specifications

Ordinary mission profiles of the UAV are defined through
six following steps:

Take-off (vertical or fixed-wing).

Hovering.

The transition from helicopter to fixed-wing flight modes.
Cruise like a fixed-wing UAV.

The transition from fixed-wing to helicopter flight modes.
Landing.

The mentioned task profile determines the primary set of
duties. Other tasks (e.g., entering collapsed buildings to find
victims) were not considered. Moreover, the mission profile
does not encompass several transition operations, as they are
apparent and depend on the purpose(s) of the plane [37]. The
posted performance goals of Amazon top Air were employed
by the standard shipping drone task. The drone must fly at
80 km/h at an altitude of 150 m (400 feet) (Amazon, undated).
The mission characteristics are summarized in Table 3.

Table 3 Required Mission Specifications

Parameter Value Parameter Value
Overall Cruise Range 40 Fixed-wing rate of climb 5
[km] [m/s]

Cruise Altitude [km] 0.15 Runway length for take- 30
off [m]

Maximum Speed [km/h] 80 Hovering altitude [km] 0.15

Stall Speed [m/s] 13 Helicopter rate of climb 8
[m/s]

Payload weight [kg] 2.3 Hover ceiling altitude 0.5
[km]
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3.2 Configuration Selection

As described in the Concept description section, a combina-
tion of a winged Bi-copter was used in which two motors
can tilt in 2DOF. The rotors employed a coaxial system and
the motors are tilted forward and backward. The pitch of
the rear blades was reversed. In the same way, symmetri-
cal blades were used. Most products on the market use a
dual system configuration. The quadrotor attached to the
aircraft frame was the least complicated solution. Adding
extra structures and engines can increase body drag force
while imposing dead weight on cruise flight, which is not
an optimal choice for a high endurance mission. Thus, the
developed configuration is a better candidate for long end
missions. It can operate with fewer engine numbers in addi-
tion to being cost-effective.

3.3 Propulsion

The choice of propulsion is the most essential part to exploit
the most out of the aircraft and reach the desired range. Due
to using a coaxial system for the rotor during cruise flight,
there will be no significant unbalanced distribution of load
on the front and rear engines. When hovering, both engines
share a common load. This means that extra power and
thrust will not be used for separate engines like most Tri-
copters. The design is more efficient due to reducing energy
consumption.

3.4 Weight Estimation

According to [10] who analyzed the performance of deliv-
ery UAVs and based on Table 4 given by this reference,
considering the average between the first and second
package numbers, the weight of the UAV was estimated
at 11 kg.

3.5 Initial Sizing
This stage well estimated the two driving elements for any
design wing loading and power loading. Suitable relations

were derived for the transition, hover, and climb stages for

Table 4 Requirements for Multi-Stop Delivery as an Example
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Fig.4 Matching Diagram for Hybrid UAV

the tiltrotor sizing to account for disc loading. As a rough
estimate is preferred at this point, a design space is created
for linear programming based on [37]. With the aid of the
matching diagram in Fig. 4, the design parameters can be
selected for the MICOPTER. Upon selection of the design
parameters, the aircraft power, wing area, and rotor diameter
are determined based on the estimated UAV weight. Table 5
presents the results of the conceptual design:

4 Multidisciplinary Design Optimization

An efficient strategy is presented in the current research to
optimize the conceptual design of a Novel Multi-Identity
Drone Helicopter by MDO methodology. The MICOPTER
modeling is organized as a multi-objective design optimi-
zation problem for maximizing the cruise speed and range.
The NSGA-II algorithm was utilized for the optimization
which was aimed to design a geometry and propulsion
device to achieve maximum range and maximal cruise
efficiency.

Diverse methods can be used to deterministically find
the proper MDO method for this project. Herein, a Multi-
disciplinary feasible (MDF) [39] process was implemented
for designing a Novel Multi-Identity Drone Helicopter
in the cruise phase for maximizing the cruise speed and

Table 5 Results of the MICOPTER Conceptual Design Phase

Number of Packages Payload Mass Range (km) Drone Mass

(kg) (kg) Parameter Value Parameter Value
1 2.3 32.2 7.5 Take-off mass [kg] 13.3  Empty weight [kg] 11
2 4.6 40.2 14.5 Wing loading [N\m?] 179.1 Power loading [N\hp] 22.59
3 6.9 48.3 23.1 Wing area [m?] 0.73  Wing aspect ratio [-] 6.7
4 9.2 56.3 33.8 Rotor disc loading [N\m?] 178  Maximum take-off power 5.7
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Fig.5 Multidisciplinary Design matrix

flight range using four disciplines. Geometry of Configura-
tion, aerodynamic and stability, propulsion selection, and
performance are the disciplines that were coupled in this
project. Figure 5 demonstrates the correlation between
disciplines during MDF analysis.

In the design matrix of this drone, the inputs and outputs
related to each subject are specified in Latin letters as follows:

A. Hybrid UAV Database G. Dimensions required after

initial drone sizing
B. Mission-appropriate hybrid H. Total mass
drones

C. Estimate the initial weight 1. Calculated parameters of

geometry
D. Dimensions required J. Aerodynamic coefficients
E. Ratio of weight to wing area K. Engine specifications, engine
power
F. Ratio of weight to engine power L. Cruise velocity and range of

the UAV

4.1 Disciplines Definition
4.1.1 Geometry of Configuration

In this regard, the UAV was modeled by OpenVSP software
[40]. This is an open-source software published by NASA in
2012 which:

e allows the creation and variation of any conceptual air-
craft configuration based on its set of fully parameterized
aircraft components.

Fig.6 Geometric model of MICOPTER in the OpenVSP Software

e has fast aerodynamic calculation capabilities.
e can run any task from the command line, allowing fully
automated design and optimization.

The geometry of the aircraft is also generated by Open-
VSP, which is the object of the aerodynamic computations.
Then, OpenVSP processes are automated using MATLAB
[41]. Based on the results of the conceptual design in Table 5
in two modes: airplane and helicopter as depicted in Fig. 6.

According to the configuration definition, the parts related
to the 2DOF mechanism, and the stepper motor placement
are fixed; only the part between the two red lines (shown
in Fig. 7) changes based on the smaller or larger wingspan.

4.1.2 Aerodynamic and Stability

The aerodynamic module “VSPAero” which is integrated
into OpenVSP, is used to compute aerodynamic coefficients.
The module employs a linear VLM method that calculates
induced drag using the Trefftzplane approach. It is a quick,
linear method for evaluating the aerodynamic model at the

Fig.7 Geometric model of MICOPTER changes with increasing and
decreasing wing size

@ Springer
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Fig.8 The pressure distribution contour under climbing flight condi-
tions

conceptual level. In order to conduct a comparison study to
investigate the accuracy of this module researchers compared
VSPAero with Star CCM + (RANS CFD), FlightStream (sur-
face vorticity solver), and wind tunnel aerodynamic results,
which showed higher efficiency of the VSPAero [42]. In this
case, the simulation was conducted in the VSPAero using the
Vortex Lattice method [43]. In a flight condition (Fig. 8),
more accurate aerodynamic coefficients and stability deriva-
tives were obtained as the propulsion system was fully mod-
eled. The initial estimation of aircraft performance was first
analyzed by XFLRS [44] focusing entirely on airfoil selec-
tion and obtaining preliminary, yet knowledgeable estimates
of static stability parameters. Wing planform was initially
estimated through the use of NACA airfoils on the angle of
attack at peak CI/Cd values running at cruising altitude and
velocity, resulting in the selection of NACA 4412 airfoil.

4.1.3 Propulsion Selection

For selecting the propulsion according to the special design of
the MICOPTER, during the transfer, the rear engine turns in
the back direction and must be the push power in some way;
therefore, symmetrical airfoil blades are required. According
to [45], NACA 0017 airfoil is suitable for VTOL UAVs.
Based on the results of the initial estimates, the stand-
ard of a 325 mm blade was selected (see Fig. 9). Take the

Fig.9 325 mm length of a helicopter rotor blade

@ Springer
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Fig. 10 The constant RPM lines (solid lines) and constant thrust lines
(dash lines)

blade’s spinning rate of 3000 RPM, Mach number of 0.31 at
the tip of the blade while the Reynolds number is 241,000.
The rotor blade used NACA 0017 airfoil based on the
XFLRS airfoil analysis; the mentioned airfoil stalls at an
attack angle of 14°. This condition declines the maximum
RPM of the rotor to 3100 RPM. Using Qprop software [46],
the number of blades per rotor was checked according to the
initial weight estimate of 17 kg (With a payload of 6 kg) and
based on the coaxial rotors. Four blades per rotor were then
achieved. At 14 degrees of pitch angle, the maximum rotor
generated thrust is~70 N or 15.7 1bf. Higher thrust levels
will lead to blade stalling, which is depicted in Fig. 10.

The next step is to determine the distance between the two
rotors. According to [47], for the 4-blade coaxial rotor, if the
distance between the two rotors is 0.25 of the rotor diameter,
the maximum lifting force will be achieved.

a) Motor selection

Hacker A60-20 M brushless motor was selected for this
UAV which has greater power and torque in comparison
with brushed DC motors. This motor possesses maximum
power of 2,200 W at the rate of 170 kV [45]. Despite its low
RPM, the 12 poles confirm the high torque of this motor,
making it a suitable option for MICOPTER.

b) Battery selection

Regarding modern trends of electric propulsion in avia-
tion, Lithium-Ion battery packs prove to be the best choice in
terms of electricity density as they keep higher amperage in
comparison with their Lithium polymer counterparts. Lith-
ium-Ion battery packs, however, suffer from limited current
discharge [48]. Therefore, two 10S lithium polymer batteries
were used due to the implementation of two high-current
brushless motors, as well as five stepper motors and two
Servo motors.
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4.1.4 Performance

Range and flight continuity are the most important features
of a drone. Extension of the range and continuity of flight
is desirable due to the need to establish other restrictions.
The range can be obtained by the following equations [49]:

W, 1
Rl g ban
gr]pnzrnbatt spec Wm 4CD0K (1)
VC x 3600
Espec =T (2)
My

where 7, n,,, and 1, are propeller efficiency, transmission
efficiency, and battery efficiency, respectively. V refers to
the voltage and C is the capacity of the battery used in the
MICOPTER. K = 1/7eAR that e and AR are Oswald’s effi-
ciency factor and the aspect ratio, respectively. g denotes grav-
itational acceleration and Cp is zero-lift drag coefficient. W,
represents total weight, whereas W, denotes battery weight.

Cruise flight is generally performed in steady-state flight
mode at a constant speed; whose effect on performance can
be determined by efficiency and battery consumption. Cruise
speed is obtained from the following equation:

2(Wzo - (Tthrust,l )Sin(ﬁl) - (Tthrusz,Z)Sin(ﬂZ))

3

In which g, and p, are the tilted angles, p denotes the
density, T}, and Ty, » are the rotor thrust, and s refers

to the wing area.

VC ruise —

4.2 Optimization Process
4.2.1 Optimization Algorithm (NSGA-II)

Multi-objective evolutionary optimization techniques such
as Non-dominated Sorting Genetic Algorithm-II (NSGA-
II) have been extensively employed for balancing compet-
ing objectives. Details on NSGA-II can be found in [50]. In
the present study, the simulation codes were run in MAT-
LAB. The corresponding Pareto solutions are obtained after
20 generations with population size 50, crossover operator
ratio 0.8, and Mutation operator Scale=0.1, Shrink =0.5.

4.2.2 Objective Function

The conceptual design of the MICOPTER was optimized
through a multi-objective problem. The cruise and range were
maximized to assess the overall performance of the system.
Two objectives should be coupled (e.g., by Pareto-Frontier).

Table 6 Design Variables

Design Variable Units Lower Bound Upper Bound
Front & rear Incidence [deg] -5 5
wings angle
Position in [m] 0.1 0.135
the direction
ofz
Sweep angle  [deg] O 5

Dihedral angle [deg] O
Root Chord [m] 0.15 0.3
Wingspan [m] 0.5 2

4.2.3 Design Variables

Ten design variables including wing and fuselage dimen-
sions were chosen whose bounds are listed in Table 6.

4.2.4 Design Constraints

Here, design constraints relied on dimensional and stability
requirements analysis that are bounded on the basis of the
values expressed by [51] are listed in Table 7.

4.3 Results

The optimum results and related design variables are
shown in Table 8. At the end of the optimization pro-
cess, all constraints were satisfied. The resulted Pareto
frontier is depicted in Fig. 11. The configuration and
objectives of three selected points were compared as pre-
sented in Fig. 12 and Table 8. The feasible design points
in the Pareto frontiers confirmed that the MICOPTER
can fulfill the mission goals as well as having the ability
to carry payloads up to 6 kg in different velocities and
ranges with minimum changes in the configuration.
This paper presents a novel configuration of a hybrid
drone that fulfills the Amazon Prime Air standard deliv-
ery drone requirements. This configuration not only
satisfies the required specifications but also provides
better performance characteristics. A technique was

Table 7 Design Constraints

Disciplines Constraint Units
Geometry of Configuration 5<AR<7 -
Aerodynamic and Stability Cm,<0 -
Propulsion power efficiency  Powerg, . rorors<1700 [w]
Powerg,ur rorors<1700 [w]
Performance 50 < Cruise velocity < 150 [km/h]
Range > 50 [km]
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Table 8 Design Variables and Objective Functions of Selected Points

Design Variable Unit Payload [kg]
2 6
Max. Range Selected Point Max. Velocity Max. Range Selected Point Max. Velocity
Front wing Incidence angle [deg] 1.87 2.37 2.55 -1.3 -0.57 1.6
Position in z direction [mm] 129 128 129 131 131 133
Sweep angle [deg] 1.2 2.3 3.45 3.85 1.2 0.43
Dihedral angle [deg] 0.4 0.3 0.25 0.8 1.5 1.2
Root Chord [mm] 205 171 197 238 190 194
Wingspan [mm] 1025 601 689 1247 893 559
Rear wing Incidence angle [deg] 1.1 1.1 -1.3 2.9 -3.68 -3.37
Position in z direction [mm]  -129 -133 -128 -110 -105 -101
Sweep angle [deg] 3.6 4 3.75 1.76 3 3
Dihedral angle [deg] 1 1 1 1.58 1.2 1.58
Root Chord [mm] 205 171 197 238 190 194
Wingspan [mm] 1025 601 689 1247 893 559
Optimal Cruise velocity [km/h] 63.3 81 144.6 64.9 814 147.4
objective  Range [km] 1117 92.6 50.3 100 89 50
function
120 aerodynamics, weight distribution, and structural com-
~Max. Range 4 Payload 2kg putational analysis. This method was able to optimize
tor “AA 2 Punlead bl the aircraft, as mentioned in Section 3 (Table 5). As a
100F + _A s '+ Selected Point Criteria result, the dimensions of the drone have been optimized,
— \ | tead which has resulted in fewer drag forces, and therefore
é L vy e '-;‘_:“ increased performance (see Fig. 12). Due to the design
£ : - ‘-,_ constraints (Table 7), selected motors were able to reach
S %1 : fi : ] the required power (3400 watts, equivalent to 4.55 hp),
70+ . -‘-,_‘ Max. Velocity which is almost 20% less than the calculated power
: B . from the traditional design aspect (5.7 hp). This method
60 : tera allows the designer to evaluate the operational charac-
‘ l ‘ | | ‘ A . WA teristics of the aircraft such as direct operating costs
% 70 %0 9 100 110 120 130 140 150 (DOC) and the sensitivity level of perceived effective

Cruise Velocity [km/h]
Fig. 11 The resulted Pareto front for two objective functions

proposed to review the traditional method of initial
aircraft evaluations, which is based solely on statisti-
cal data and regression of other aircraft, and finally
proposed an MDO-based method that uses low-order

design variables from initial design steps.

5 Dynamic Model

With only four input controls, the Bi-copter has six
degrees of freedom. It's a severely under-actuated sys-
tem. The control amount is coupled, which belongs

Selected Point Max. Velocity Traditional Design

w [ ] | | w’ || ]
| el -,

Fig. 12 Dimensional changes Payload Max. Range
in the selected points compared
with the traditional aircraft .
design Zkg 1 I I
.
6kg AL
A

w Il ‘ ‘ = 0]
‘ ‘ 0l B i
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Tthrust, 1

Tthrust, 2

Yp

2

Fig. 13 Coordinate systems related to the MICOPTER

to the nonlinear system [32]. The MICOPTER, on the
other hand, can be a fully actuated system due to the
installation of a 2DOF mechanism for the rotors, which
is detailed in this section. Figure 13 demonstrates the
coordinate system for the MICOPTER with 2DOF tilta-
ble coaxial rotors. A 3D model of the Max range selected
point with 6 kg payload is depicted in Fig. 14.

The world frame F,, is defined relative to the origin O,,
following the right-hand coordinate system with the axes
{X.,.Y,,Z,}. The body frame F definition is related to the
origin Oy fixed to its center of mass with the axes { X, Y5,
Zg}. Fp, refers to the first tiltable coaxial rotor coordinate
frame with respect to the origin Op, with the axes of { Xp,,
Yp1, Zp,}, whereas the second one, F, is defined relative to
the origin Op, with the axes { Xp,, Yp,, Zpy } [52].

To simplify the process, the coordinate frame of the i-th
(i=1,2) tiltable coaxial rotor is unified toFp;. The rotation
angles around theXp, Y and Zg axis in Fj are defined as (¢,
0, ), whereas the tilt angles around the Yp; and Xp; axis in
Fp; are denoted by (f;,;). The tilt angle of a; ranges in [—%
,g], whereas the tilt angle of §; varies in [—%, 0].

Fig. 14 3D model of the Max range selected point with 6 kg payload

The rotation matrix "Ry = R,(y)R(0)R (¢) refers to the
rotation from Fj to Fy,, where R,, Ry and Ry show the rota-
tions around the Zp, Y and X} axis, respectively. Moreover, 2Ry,
=R,((i— D)m)R y(f,)R(c;) denotes the rotation matrix from Fp,
to F, in where R, Ry and Ry stand for the rotations around
the Zp,;, Yp; and Xp; axis, respectively. The length / refers to the
distance between the origin of each coaxial rotor Op; and the axis
Zg of the MICOPTER, while the height £ stands for the distance
between the origin of Op; and Oy in Zj direction. The position
vector Op; of the i-th tiltable coaxial rotor in F} is represented
by BOp=RA(i—1)m)[l 0 h]”. According to Fig. 13, W), 0y, W3
and @, indicate the rotation speed of the brushless motors in the
corresponding coaxial rotor. Therefore, the anti-torque 7, ; of
the i-th coaxial rotor could be expressed by:

=[00k, (02 —?)]
{Tdrag,l [ m(w2 _w;;]T (4)

Tiragr = [O 0k, (a)g ;

where k,, is the propeller drag coefficient and k,, >0. Fur-
thermore, the total output thrust 75, ; of each coaxial rotor
is given by:

{ Tthmst,l = [0 0 _kf(w% + w%)]; 5)
Tthruxt,Z = [0 0 _kf(wg + wi)]

In which k; denotes the propeller thrust coefficient and
ks >0. To simplify the control model, the anti-torque 7, ; of
the i-th tiltable coaxial rotor was removed by setting @, =w,
= w,, w3 = O, =w,, where w, and w, stand for new rotation
speeds of the brushless motors in each tiltable coaxial rotor.
Thus, the anti-torque 7 4, can be determined by:

Tdrag = Tdrag,l + Tdrag,Z =0 (6)

Furthermore, the gyro moment effect of the tiltable coaxial
rotors is negligible by un-modeling the tilt angular velocities
and their corresponding accelerations.

5.1 Dynamical equations in rotation

Thus, @®2 [ 6 v | " shows the angular velocity of the MICOP-
TER within the body coordinate system. Considering New-
ton—Euler's law, @® is subject to:

I;0° + 0 xIyo® =% + 7, (7

where Iz=diag(lp,y, Igy, Ig,,) denotes the symmetric and
positive definite inertia matrix of the body, 75 refers to the
input torque, and 7,,, shows the unmodeled disturbance.
Neglecting the effect of the unmodeled disturbance, 7,,, =
0, while the input torque 72 can be written by:

B _ —
T = Thrus + Twing + Tdrag = Tihrust + Twing (8)
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In which the moment 7,,,,,, due to the thrusts induced by
the tiltable coaxial rotors will be:

2
— B B
Tihrust = ( OPi X RPi Tthrust,i) (9)
i=1
And the moment 7,
can be expressed by:

due to the lifts generated by the wings

_ T
Tying = [L M N]
L= 0.5pV2SbC;, M = 0.5pV?Sc,C,,, N = 0.5pV*ShC,
(10)

where Z, M and N show the roll moment, pitch moment, and
yaw moment of the MICOPTER, respectively, p denotes the
density, V refers to the flight velocity, S is the wing area, b
denotes the wingspan, and c, represents the mean aerody-
namic chord.

By denoting resultant input torque as ;,,,,, = gt gt
the dynamical model of the rotational motion of the MICOP-
TER can be presented by:

ust1]
thrust {hrmr .[thuxr]

d; Ipo ¥
. i Tg—Ig 1
9 = (bW( EMIWB ) + IB\'\ T)l? (1 1)
lp il 1 Bxx -, Byy L B
¢9< Ip: > + = %

5.2 Dynamical Equations in Translation

According to the Newton equation of motion, the MICOP-
TER body position P=[x y z] in the world coordinate sys-
tem is exposed to:

0 2

mP =mf 0 [+ WRB Z BRpiTthrust,i +fwing +fext (12)
g i=1

In which f,,, encompasses disturbances and unmodeled fac-

tors and g shows the gravity constant. According to the relation-
ship between body coordinate frame and wind coordinate, the
forces f,,, due to the lifts generated by the wings is:

wing

—Dcosacosf — Ycosasinf + Lsina

—Dsinf + Ycosp
—Dsinacosp — Ysinasinf — Lcosa
L=0.5pV?*SbC,;, D =0.5pV?SC,,, Y = 0.5pV?SC,

fwing = (13)

where L, D, and Y are the lift, drag, and side force of the
MICOPTER, respectively. Neglecting the effect of friction, f

ext

could be adjusted to 0. Denoting the input thrust f in Fy as:

@ Springer

2
T
fB = Z(BRPiTthmst,i) +fwing = [Ff Ff Ff] (14)

i=1

The dynamical model of the translational motion of the
MICOPTER will be:

% ol FB
y [=[o[+ n_1WRB FP (15)
? g EP

5.3 Dynamical Equations of the System

Combining the Egs. (11) and (15), the matrix form of the
dynamical model of the system will become:

X=f(X) +g@)U+w) (16)

In the above equation, X =[x y z ¢ 0 y]” shows a gen-
eralized coordinate vector relative to the MICOPTER,
U=[f? r,hm,]T represents a vector of the thrust forces and
torques of the coaxial rotors expressed in the body coordi-

nate system on X, Y5 and Zg axis and w = [f;,,, rwmg]T
f(X) and g(X) can be represented by:
_ 0 :
0
8
3 Vi IB,\,V_IB::
fe =| oy () (a7)
T
d)w( [yy )
i IBxx_IByv
B (}')9( Ip;; > i
LR, 0
gx) = |m _1} (18)
| 0 M,
In which g(X)€ R*® and M; = diag(lp,, Ipy» Ip,,)- Itis
proven that g~!(X) and it can be obtained as:
w T
-1 _|m RB 0
g = [ 0 M,B] (19)

Regarding the orthogonality of the rotation matrix YR
ie., "Ry~ ="Ry", Iy #0, Iy, #0and I, # 0. Thus, the
entire system could be reduced to a fully actuated system with
6 inputs and 6 outputs (i.e., generalized coordinate variables).
The input thrust £% and input torque T e &€ determined by:
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—2ksa, + 2kra,
2kpas — 2ksa,
—2kpas — 2kpag
—2hksa3 + 2hk;a4
2lkas — 2lkpaq — 2hkea, + 2hk;a,
2kpaz — 2lkpay,

fB
A
Tinpm

In which a; = cosa, sinf@?, a, = cosaysinfy@3,

(20)

=i 2 4 =i 2 0 = cos 2 — 2
ay = sina @], a4 = sinay 3, as = cosa cosPywy and ag = cosa,cosPr;

6 Backstepping Control Method

The backstepping control was used in most of the trajec-
tory tracking control literature [53]. In this regard, a MIMO
vectorial backstepping approach as described in this section:

6.1 Derivation about the First Lyapunov Function

Start by introducing a state variable representation,

x=Xx,=X 21
Equation (16) can be written as:
Xl == x2

X, =f(x,) +g(x,)(U+w) (22)

Taking the position error as e; = x,; — x;, where x;,
shows the desired reference trajectory, the first Lyapunov
function is selected as:

V,=zele (23)

_1
2

The derivative of V, with respect to time will be:

Vi=ele =e (X,,—%) (24)
A stabilizing function is designed to stabilize e :

a, =x,;+Ke, (25)

where K, >0. Substituting %, in V, by (25), V, can be
obtained as:

=el(-K\e, +a; —x,) (26)
=—e¢/Kie +ele,

where e, = a; — x, shows an extended velocity tracking
error. When e, =0, V,= —e! K e, <0 can be determined.

6.2 Derivation about the Second Lyapunov
Function

Considering the following velocity error:
e=a,—x,=X,—-X +Ke 27
the derivative of e, will be:
€ =a; — X

=%+ K, —f(x)) —g(x,)(U+w) (28)

The second Lyapunov function can be expressed by:

1 1 1
V,=V,+ Eegez = EelTe1 + EezTe2 (29)

Then the derivative of V, with respect to time is:
V,=V,+ele, (30)
Combining the Egs. (23) and (25), V2 will result in:

¥+ K6, —f(xy)-

V. = —'K T T

€29

For stabilizing e,, the control input U can be written by:

U=g"'(x,)[K,e, + ¥, + K&, —f(x;) —g(x,)w +e]

(32)
where K,>0 and g~! (x1 ) is known. Substituting (32) to (31),
therefore V, = —e'K e, — el K,e,<0. e, and e, will converge

to zero when r— oo, such a controlled system guarantees
asymptotic stability. The block diagram of the proposed
backstepping control method is presented in Fig. 15.

Xq

+f'\
ik

Fig. 15 The overall control block diagram
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6.3 Simulation Results

An example (Asymptotic Trajectory Tracking) was
simulated by MATLAB for verification of the devel-
oped backstepping control approach. The following
physical parameters of the MICOPTER were considered
in the simulation: m=17 kg, g=9.81 m/s?, [=0.4 m,
h=0.15 m and, k; =7.19 X 10'6N/(rpm)2. The control
gains were K11=K12=K13=1, K14=K15=K16=2,
and K21 =K22=K23=K24=K25=K26=1. The sam-
pling width of the simulations is also taken 0.01 s.

In the trajectory tracking simulation, a 3D space trajec-
tory was set to X,(1) =[xd(t)yd(r)zd(H)% = g]T while the
initial state of the system was adjusted to X,= [000000]”,
where the trajectory can be defined as:

x,(1) = 0.5 # sin (gr)

v, = —=0.5 * cos (%t) (33)

Zdzl

where ¢ represents the time. The position responses of the
MICOPTER in the trajectory simulation are depicted in
Fig. 16. According to Fig. 17, the attitude responses of the
MICOPTER converged to the desired levels.

Additionally, Fig. 18 illustrates the trajectory in three-
dimensional space with negligible errors between the
desired and current trajectories. The simulation confirms
the effectiveness of the developed backstepping control

strategy in terms of the position and attitude controls. The
MICOPTER showed a stable flight while its body was
maintained in the desired attitude during the simulation.

7 Conclusions

In this paper, a new concept of a hybrid drone called “MICOP-
TER” using the Bi-copter approach was introduced in the
conceptual design phase. Then, multi-objective multidisci-
plinary design optimization of MICOPTER was performed
to maximize both cruise velocity and range as objectives and
results proposed as the Pareto frontier. The feasible design
points in the Pareto frontiers confirmed that the MICOPTER
could fulfill the mission goals as well as the ability to carry
payloads from 2 to 6 kg in a wide bound of velocity and range
with minimum changes in the configuration. Eventually, the
equations of the motion were extracted, and a typical flight
profile, using a robust non-linear backstepping control, was
simulated. The performance of the controller was assessed
considering its stability and tracking 8-shape trajectory for
one of the selected optimal design points.

Future research topic suggestions include extensions of the
problem to high fidelity analysis modules, detailed design,
and considering higher dimensions of design variables and
uncertainties. To alleviate the computational burden of
such problems using surrogate-assisted design optimization
will be beneficial. Control and simulation of Hover-Cruise

Fig. 16 Responses to position
control in trajectory tracking
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Fig. 17 Attitude control — 0.6
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transition phase is another step to be taken. Finally, by pass-
ing various hardware-in-loop tests and system identifications,
a prototype will be built for the flight test.
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