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Systematic hybrid-electric unmanned aerial vehicles (UAVs) and, especially, quadcopters are so promising due to their long flight en-
durance and their usage in patrol and rescue missions which gain a high interest to be under examination and test scope by researchers;
however, a complete mathematical design is required to fulfill theoretical complexities such as aerodynamic analysis and flight dynamics
models related. This paper investigates salient sections from hypothesis to implementation. Researchers at Drone Hopper company have
conducted various calculations to perform a precise novel platform called Duty-Hopper (DH). The benefit of this design is to control the
attitude by flap vanes and electrical ducted fans (EDFs) when using gasoline engines; while, the principle propellers only lift the drone.
This paper examines the attitude control system of DH, once using only flaps, then by only EDFs, and eventually, by compounding both.
During this research, the scientific software used is ANSYS-Fluent and MATLAB-SimScape to analyze the entire body of the DH. Fur-
thermore, a robust fault-tolerant controller is designed to immune the DH against internal and external errors. Our research reveals that
using flaps is a feasible way to control attitude when it is augmented by EDFs.
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1. Introduction

The hybrid-electric propulsion is a rather innovative tech-
nology system employed to combine the mechanical power
generated by one (or more) electric drives with a thermal
engine [7]. Hybrid-electric propulsive UAVs (HEP-UAVs) are
highly valuable, thanks to removing heavy batteries and a
long endurance; in counterpart, their disadvantage is the

control challenge. They perform beneficial applications such
as wildfire fighting, long-term inspection, carrying heavy
payloads, and patrolling UAVs [13,24]. There are various
researches investigating HEP-UAVs. Bravo et al. [25] con-
centrated on the similarities and differences of the pure
HEPs compared to conventional ones and introduced a
normalized analysis to improve light HEP configuration,
approaching the pure one. Savvaris et al. [26] worked on
control and optimization of light HEP systems, using a
parallel configuration architecture and supervisory control
to implement in-ground hardware-in-the-loop (HIL) tests.
Ruscio [27] emphasized the propulsion aerodynamics and
wing mass of the fast general aviation class and validated
it by implementing on double-engine Beechcraft 76 and
the X-57 Maxwell to be in both propulsive and hybrid
forms. Capata et al. [28] proposed a conceptual design of an
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HEP-UAV feeding by ultramicrogas–turbine (UMGT), which
powers an electric generator, concluding high-endurance
flights, which is obtained by several aerodynamics analyses
to optimize the specific fuel consumption. Nonetheless,
Yung [16] made a survey on various propulsive and electric
systems to compound an optimized simulated model, using
both systems simultaneously, and according to this re-
search, a HEP-UAV can save energy up to 6:5% compared to
only a propulsive model. Throughout existing works, there
is a gap for combining the theories and industrial form of
HEP-UAVs. This research is undergoing to fill this space by
presenting a rationale methodology and proving the state-
ment. Generally speaking, HEP-UAVs require two
completely independent systems which work simulta-
neously; thermal and electrical [16,24]. Principally, the
system is powered by the gasoline engines, in which a shaft
connects the rotating gears, and the main propellers
maintain an adequate lift force to take-off, climb, and de-
scend; however, this only relates to the throttle, since the
gasoline engines do not respond abruptly, augmentation
systems function for the rest of the control variables, in-
cluding attitude values (�, �, and  ) resulting in the lateral
movement (x and y). This manner is better off, thanks to the
gasoline motors, which make the HEP-UAV runway longer
than electrical ones; however, this is mechanically compli-
cated. There are various solutions, but the most efficient are
variable-pitch governers or electric ducted fans (EDFs) to
control the low-level control loop (attitude). Utilizing
variable-pitch propellers as designated by Langkamp, [9],
and Fresk in [18] requires an optimized point between
pitch angle and motor RPM, which in the real world brings
about many complexities such as controlling the swashplate
rotation, internal errors of the pitch servos, and the gasoline
engines. Furthermore, using servos for grand drones
requires a long time of aerodynamics analysis to determine
moments around blade hinges, then transforming to the
pitch link and finally, find suitable servos. Therefore, it
ought to concentrate on the latter technique, requiring less
effort to harmonize the EDFs and choosing the best incident
angle for the EDFs. Among all, Fan et al. [5] endeavored to
demonstrate the attitude control efficiency using EDFs,
which is an inspirable work; however, it needs a robust
control method to prevent external errors and make the
system traceable. Moreover, several researchers like
[1,3,15,22] worked on the ducted fan solution, while all the
works suffer from static instability of the model when flies,
especially using flaps makes even the dynamic stability face
problems. We have covered all aforementioned throats
through this research by equipping the DH with four main
ducts to move the center of mass (CoM) from the duct
center to the quadcopter center, which causes the drone to
fly stable. Actually, DH is considered as a powerful

HEP-UAV, which utilizes the technology of multiple flaps
movement to be stabilized with minimum error; more
specifically, to rotate toward the longitudinal, lateral, and
vertical axis, it has eight distinct flaps pairwise. Considering
redundant elements for stability and several control layers,
DH has four coaxial pairs of propellers, 4 EDFs, 32 flap
blades; i.e. every set of the rotor has four pairs, then to
control rolling moment, longitudinal pairs works to have
the moment stabilized; for pitching moment, lateral ones,
and for yawing, the two diagonals vice versa. Regardless of
redundancy, this schematic helps the system work undeni-
ably safely; even if it loses some, others compensate for a
complete movement. Such a design has various benefits
such as being structured, immune and effortless; using
mechanical systems instead of electric parts makes the DH
user-friend. Notwithstanding rotors of conventional quad-
copters produce all forces and moments, a very hasten re-
sponse is considered a salient factor for distinct maneuvers;
however, separating roles helps the system be more func-
tionalized. In addition, redundant mechanisms could be
controlled much more immune than the situation all-in-one.
Besides, unwanted moments and energy are removed to
improve the DH model; thanks to aerodynamic duct-tubes
confined geometry, to somehow, the rotor moments are
canceled out, especially during hover flight or maneuvers,
flaps are operating, so the velocity of the main rotors is
semi-conservative. Therefore, DH saves quite a lot of energy
rather than similar cases without flaps. Another benefit of
flaps is the static stability, helping the system to converge
on the balance mode. While in most of the drones, pro-
pellers function as the main control targets, here instead,
flaps and EDFs are employed to act as the attitude con-
troller, and the fixed propellers only lift the drone, clustered
as low-speed throttlers specified for quadcopters. Noting
the novel controller employed is a robust sliding-mode that
targets external errors to eliminate, which is highly re-
quired in the industry. This paper is arranged as follows.
Section 2 clarifies a complete dynamic model of the DH.
Section 3 discusses the implemented scenario. Section 4
reveals the results obtained. Finally, Sec. 5 compares the
models expressed.

2. Dynamic Model of the DH

According to this research, the dynamic model of a large
quadcopter is remarkably challenging because of plenty of
internal errors that most of them are due to the difference
among thermal engines characteristics even with the same
model, such as their power causing sudden imbalances
during flight. We have considered such problems in the
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virtual model by implementing unexpected random errors.
A basic schematic of the DH is shown in Fig. 1. Various
views of DH are revealed in this figure, including the ver-
tical and horizontal dimensions (a); flap position, the center
of mass (CoM), payload tank, and duct size (b); EDfs and
four coaxial pairs of propellers (c); EDF angle of incidence,
EDF wall, and Body frame (d). Inspiring from grand air-taxi
CityAirbus. It is clear in Fig. 1(d) that the DH has four coaxial
pairs of large propellers to lift principally; these eight pro-
pellers are augmented by four redundant EDFs to maintain
the throttle safety margin in case of power-loss. Considering
closed walls surrounding the EDF rotors, the vorticity
throughout their ducts is semi-zero, producing an unim-
portant yawing moment. To compensate for this small
magnitude, EDFs are installed with an incidence angle of 8�,
and according to the experiments, normally, this angle is
changeable up to 15� in case of high imbalance; however,
DH has eight pairs of yaw flaps to maintain its stability;
consequently, the inclination angle of EDFs is considered as
8�, which is the optimized angle, based on performed tests.
While in Fig. 1(b), it is observed that CoM of the DH is
[0 0 �0.45]Tm, the distance between CoM and bottom of
the DH is 75 cm, and between the second propeller and the
flap is 15 cm. In Fig. 1(c), the propeller diameter is 130 m
and the EDF rotor diameter is 25 cm. Besides, the system
has four 250 cc engines, with a total power output of
130 HP, which is equipped with a triple-redundant
system. Considering the DH large body, all elements, even
minuscule parameters have been under review. BTW,
all equations are expressed in Body frame, supposing a

standard 6DOF system. The transitional equations of mo-
tion could be rewritten as in Eq. (1). This equation states
the total external force, F t , acting on the drone

F t ¼ _mvþmv
: ¼ Fx îþ Fy ĵ þ Fzk̂; ð1Þ

where v is the absolute velocity of the CoM. The first term of
this equation states the mass ejection of the drone, which in
the DH case is zero. Meanwhile, since the size of DH com-
pared to the gravitational field is quite diminutive, the
center of gravity (CoG) and CoM of the drone could be equal
here. Extending the second term, the equation is as follows:

v
: ¼ v

:
r þwv

¼ ðu: þ wq� vrÞ îþ ðv: þ ur � wpÞ ĵ
þ ðw: þ vp� uqÞk̂; ð2Þ

where ! is the absolute angular (rotational) velocity of the
drone, v

:
and v

:
r are absolute and relative accelerations of

CoM, respectively. To summarize, gravitational, centrifugal,
aerodynamic, rotors, and flaps forces and moments are
expressed in the following equation, as is mentioned in [1]:

F t ¼ Fgrav þ Ffuse þ Fprop þ Fduct þ Fedf þ Fflap;

M t ¼ Mgyro þMprop þMduct þMedf þMflap;
ð3Þ

where Fgrav is the gravity force affecting on the drone.
Thereafter, all aforementioned forces and moments are
described in six subcategories to show the effect of each
parameter, i.e. gravitational force; aerodynamic forces;
propeller force; duct force; flap force; and EDF force.

Fig. 1. A macroscopic schematic of the heavy DH. (a) side view; (b) toward or backward view; (c) up view; and (d) the 3D total vision of
the DH.
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2.1. Gravitational force and gyroscopic moment

Supposing the moving drone with � angle toward the N-axis,
� angle toward E-axis, and  angle toward the D-axis, the
third one does not affect on the gravitational force, then the
equation is as follows:

Fgrav ¼
�mg sin �

mg cos � sin�

mg cos � cos �

2
4

3
5;

Mgyro ¼ NJ!
�q
p
0

2
4

3
5:

ð4Þ

Related to the gyroscopic terms, N is the number of the
propellers, J is the rotor inertia, p and q are angular rates of
the propeller [1,5], regardless of aggressive behavior,
this equation is supposed when the angular rates are
semi-constant.

2.2. Fuselage forces

As a quadcopter, various components like fuselage, ducts,
propellers, flaps, etc. produce reaction forces against the air
passing throughout. Hereupon, drag force derived from the
fuselage will be expressed through the following equation,
as mentioned in [4,11]:

Ffuse ¼ �0:5�

CD;xujujAside

CD;yvjvjAside

CD;zwjwjAtop

2
64

3
75; ð5Þ

where CD is the drag coefficient of the fuselage, Aside is the
cross area of the drone (here, regarding the symmetrical
shape, both sides equal), and Atop is the top area of the
drone.

2.3. Propeller forces and moments

The propeller is the principal thrust generator of the DH,
entering free-stream air to the duct creating a boundary
layer of inlet having a semi-circular shape [17]. If each
propeller revolves with an angular velocity, the blade
pitch �b, and the blade incidence angle �b, as shown in
Fig. 2, this could be expressed as [8,9]. To calculate the
thrust force generated by each propeller, the equation is as
follows:

Fprop ¼ 0:5�Arb�
2

CD;b sin�b sin �b
�CD;b sin�b sin �b
CL;b cos�b cos �b

2
64

3
75; ð6Þ

where � is the rotor angular velocity, b is the thrust factor

of the propeller, and CD;b and CL;b are the drag and the lift

coefficients of the propeller blades, and the Ar is the area of

the rotor plane. Normally, �b and �b are considered zero

because of their small values.

2.4. Duct forces and moments

The propeller duct functions as an augmentative lifter
when its lips are curved by aerodynamic extension. In
addition, the closed walls of the duct to propellers,
the fewer tip losses associated with free-air propellers. Due
to ducts’ inclination during the flight, they react to the air,
and consequently, a momentum drag will be generated.
When there is no crosswind (static condition), the mo-
mentum drag equals zero, since the stream enters the duct
symmetrically; nonetheless, during movement, crosswind

Fig. 2. Schematic of free-stream entering to the duct while inclined, where the real coaxial model is demonstrated.
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enters asymmetrically [2,12]. Approximately, it could be
given by

Fduct ¼ Dm þ KaugFprop ¼ 0:5�Cd

AeVi;xjVi;xj
AeVi;yjVi;yj
ArKaugVrjVrj

2
64

3
75;

Mduct ¼
Fduct;yr
Fduct;xr

Fduct;z ld

2
4

3
5;

ð7Þ

where Kaug is the augmentation factor of the duct helping
propellers to trigger thrust, Cd is the duct moment coeffi-
cient which is a proportionality constant, in which the
moment is related to the dynamic pressure due to cross-
wind [1]. Vi is the inlet air velocity, r is the duct exit radii, ld
is the diagonal distance between the center of pressure
(CoP) of the duct to CoG of the drone, and Vr , Ar , Ve, and
Ae are the rotor plane and duct exit velocities and
areas, respectively. Consider mass flow rate through the

Fig. 3. Distribution of flaps movement; (a) hover mode without flapping, (b) four pairs of roll flaps are used to move toward y-axis,
(c) four pairs of pitch flaps are used to move toward x-axis, (d) four pairs of psi flaps are used to rotate around z-axis.

Fig. 4. Comparison of Lift and Drag forces versus increment of flap deflection angle.
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duct [8,12,15]. In order to calculate the mass flow rate
through the duct ( _md), the following equation is used [3]:

_md ¼ �AiVi ¼ �AeVe: ð8Þ

2.5. Flap forces and moments

Regardless of incident angle or direction of installment, a
flap can produce forces and moments in all coordinate axis
[15]. Usually, flying drones use flaps to make the system
more stable, preventing out-of-range moments; neverthe-
less, they have a standard form, hence for heavy drones,
controlling by flaps is a big problem. That is why in grand
systems, most flaps are employed as redundant components
but not principles. The distribution of flaps movement is
shown in Fig. 3, displaying the drone movement control to
the right, left, upward, and backward.

In addition to the drone movement control, determining
the calculation of a roll controller flap could be expressed as
in Eq. (9), clarifying the roll flap force (Frf ) and the moment
(Mrf ) produced.

L ¼ 0:5�V 2
e AeCl;

D ¼ 0:5�V 2
e AeCd;

Frf ¼
0

L cos � � D sin �
L sin � þ D cos �

2
4

3
5;

Mrf ¼
Mx

My

Mz

2
4

3
5 ¼

�Frf ;zdyi � Frf ;ydzi
�Frf ;zdxi
�Frf ;ydxi

2
64

3
75; ð9Þ

Noting that L and D are the lift and drag forces generated by

the flaps, � is the deflection angle of each flap related to the
vertical axis. During the flight, if � ¼ 0 no lift or drag is

produced, and the more deflection angle is applied, the
more lift is brought about. Meanwhile, the drag force is

small enough. The research experiments demonstrate that
for � angles more than 18�, the increment rate of the drag

force is more than lift, regardless of interference among

flaps movements, and due to this fact result, it is observed
that the best deflection angle domain is 0� � � � 10�, as
presented in Fig. 4, which shows an increment of aerody-
namic forces based on flap deflection angle when it rotates

from 0� to 10�.

Fig. 5. A full schematic diagram of the guidance and controller loop to be simulated. Noticeably about the four squares below; thrust is
produced by the main four pairs of propellers, rolling moment and pitching moment by flaps and in case of emergency aimed by EDFs, and
yawing moment by flaps only. As described in Sec. 2, EDFs do not produce any magnificent yawing moment, especially here, they are
installed inclined to cancel out each other.
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Also, regarding to a pitch controller flap, Eq. (10) is
given, presenting pitch flap force (Fpf ) and its moment (Mpf )

Fpf ¼
L cos � � D sin �

0
L sin � þ D cos �

2
4

3
5;

Mpf ¼
Mx

My

Mz

2
4

3
5 ¼

�Fpf ;zdyi
�Fpf ;zdxi � Fpf ;xdzi

�Fpf ;ydyi

2
64

3
75:

ð10Þ

Finally, for a determination of a yaw controller flap, the
following equation is given, determining yaw flap force (Fyf )
and its moment (Myf ):

Fyf ¼

ffiffiffi
2

p
=2ðL cos � � D sin �Þffiffiffi

2
p

=2ðL cos � � D sin �Þ
L sin � þ D cos �

2
64

3
75;

Myf ¼
Mx

My

Mz

2
4

3
5 ¼

�ðFyf ;zdyi � Fyf ;ydziÞ
�ðFyf ;zdxi � Fyf ;xdziÞ
Fyf ;xdyi � Fyf ;ydxi

2
64

3
75;

ð11Þ

where in Eqs. (9), (10), and (11), the sign � is observed
alternatively, based on the nomination model.

2.6. EDF forces and moments

Like flaps, EDFs also are useful to make the drone more
balanced. A normal formulation of an EDF rotor is likewise
as propellers, but without considering lateral forces to
conclude a drag or yawing moment. Instead, it produces a
pure thrust with a much higher angular velocity rather than
normal propeller engines. The EDF thrust equation can be
stated as

! ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2 þ ð�drNÞ2

p
;

� ¼ arctanV=�drN;

FEDF ¼ 0:5�Arb!2

Cl sin � þ Cd cos �
0

Cl cos � � Cd sin�

2
4

3
5;

ð12Þ

where Ar is the surface area of the rotor plane, V is the
blade axial velocity, N is the blade tangential velocity, � is
the pitch angle of the blade, b is the thrust factor of the EDF
rotors, and ! is the angular velocity of the rotor.

3. Implemented Scenario

Simulation tests, using MATLAB and practical tests of the
DH model, are designed at Drone Hopepr to compare the

data obtained. Through the scenario, a detailed schematic
diagram system of the guidance and controller loops was
designed, using Simulink and Simscape, as shown in Fig. 5.
The simulation process was conducted in two steps, 3D
modeling and compiling in aerodynamic and mechanical
software (SW). First, during virtual reconstruction, each
component is designed in Soliworks SW. Overall, there were
more than 340 parts such as fuselage, propeller, EDFs and
flaps. Every component is designed in detail to guide its
actual model, and then this process is continued directly to
prepare the simulation model. The DH complete detailed

Table 1. DH detailed properties.

Part Parameter Range Dimension

Fuselage Mass 300 Kg
Height 1.5 m

Length/Width 3 m
Ixx 337.32 Kg.m2

Iyy 337.32 Kg.m2

Izz 466.84 Kg.m2

Propeller Number 4-Coax —
Number of Blades 3 —
Nominal Rotor Rev. 1300 rpm

Blade Radii 65 cm
Blade Tip Chord 10 cm
Blade Tip Angle 7 deg

Thrust Factor [14] 2.15e-2 N �m2

Propeller Servo Av. Damping Coeff. 0.05 N �m � s/deg
Propeller Duct Number 4 cm

Length 30 cm
Outer Diameter 133 cm

Inner Hub Diameter 155 cm
Arc Radii at Tip 7 cm

Av. Inlet air Velocity 135 m/s
Av. Exit air Velocity 63.56 m/s

EDF Number 4 —
Number of Blades 12 —
Nominal Motor Rev. 29000 rpm

Blade Radii 12 cm
Blade Chord 3.1 cm

Blade Pitch Angle 45 deg
Blade twist Angle 33 deg
Thrust Factor 5.16e-6 N �m2

EDF Servo Av. Damping Coeff. 0.002 N �m � s/deg
EDF Duct Number 4 cm

Diameter 25 cm
Arc Radii at Tip 1.6 cm

Flap Number 32 —
Number per Prop 8 —

Height 14 cm
Length 53 cm

Av. Width 8 cm
Maximum Angle � 15 deg

Flap Servo Av. Damping Coeff. 0.1 N �m � s/deg
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Fig. 6. A macroscopic schematic of the heavy DH simulation, using MATLAB Simulink.
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properties are brought in Table 1. During the simulation,
these magnitudes are changed several times to be opti-
mized, and eventually, an accurate model is built. Mean-
while, to make the simulation appears realistic, various
random noises are implemented, whether in local parts or
from external phenomena, like internal errors in joints and
wind disturbance models.

Second, ANSYS-Fluent and Simulink, as shown in Fig. 5,
are used to analyze aerodynamic forces and moments, and
DH behavior against disturbance. Simulink is a fully appli-
cable mechanical platform to simulate forces and moments
of objects. Here, the goal is to simulate the effective parts as
a plant. Meanwhile, simulations of the DH in ANSYS-Fluent
were done under the following setup, viscous model k-
omega, transient (as the principle propellers are rotating),
defining the cell zones materials (air for the enclosure and
Carbon for the aircraft parts) and the moving parts rotating
axis [10]. The boundary conditions were also set for the

inlet and outlet. Once the solution was obtained, the pa-
rameter Flap angle, previously created in the geometry
editor SW, was varied in different design points to obtain
the lift and drag forces on the flaps. Figure 5(a) demon-
strates the overall configuration of the loops. Starting by
denoting the four principle references (xref , yref , zref , and
 ref ) which all inter into guidance loop (as the high level
controller) and the results are generated �des and �des as
indirect integrator inputs for the robust controller loop (as
the low level controller). Finally, the controller outputs are
applied to the plant besides feedback to complete the con-
trol diagram. Figure 5(b) presents the guidance part, con-
taining two PD controllers. Based on this research, using a
PD controller to generate attitude references values is op-
timized compared to when utilized PID; that is, using I
brings about latency in the transient response. Equations
used in this loop could be found in [6]. Furthermore,
Fig. 5(c) shows the desired attitude parameters entering

Fig. 7. Comparison of the drone state and reference positions and attitude angles, when Xref ¼ 6m, Yref ¼ 6m, and Zref ¼ 5m and both
flaps and EDFs are utilized.
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into a low-level controller, denoting sliding mode is the
robust method used in this work, then, all the attitude
controller loops (including altitude loop) are mentioned and
described below at Fig. 5(Altitude), 5(Roll), 5(Pitch),
and 5(Yaw), which display the desired values computed by
a reference generator (RG) box to generate saturated z

::
des,

z
:
des, Zdes, �

::

des, �
:
des, �des, �

::

des, �
:
des, �des,  

::

des,  
:
des, and  des

parameters. The aforementioned RG is a second-order sys-
tem, which could be expressed as

GðsÞ ¼ 1
s2 þ 2	!sþ !2

: ð13Þ

To continue, the sliding mode algorithm is deployed, this
method could be formulated as in Eqs. (14), which con-
cludes in thrust force (U1), rolling torque (U2), pitching

torque (U3), and yawing torque (U4)

€xd ¼ �
 _ex � K tanhðSxÞ;
€yd ¼ �
 _ey � K tanhðSyÞ;
U1 ¼ mðz::d � 
 _ezÞ � K tanhðSzÞ;
U2 ¼ Ix

l
ð�::d � 
 _e�Þ � K tanhðS�Þ;

U3 ¼ Iy
l
ð�::d � 
 _e�Þ � K tanhðS�Þ;

U4 ¼ Izð 
::

d � 
 _e Þ � K tanhðS Þ:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð14Þ

Furthermore, in Fig. 5, where 
 values are tunable like
PID parameters, ei is the difference between each value and

Fig. 8. Comparison of the drone state and reference positions and attitude angles, when Xref ¼ 6m, Yref ¼ 6m, and Zref ¼ 5m and only
EDFs are utilized.
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its reference, l is the length of the drone, K refers to a
discontinuous component against system noises, which is
calculated with try and error method; i.e. if it is more than a
determined magnitude, the system will be stable. This is
derived from the fact that how far negative is the Lyapunov
function derivative, it will converge to a value more nega-
tive and so will be stable faster. In addition, instead of sign,
we use the tanh function to make the chattering of the
switching surface more smooth. As displayed in Fig. 5(d)
and Eqs. (14), the output is a summation among position,
velocity, and acceleration, where velocity is weighting ele-
ment compared to others; consequently, to tune the con-
troller, a higher amount is required to filter the velocity
when goes out the integration. Likewise, Figs. 5(e), 5(f), and
5(g) show the attitude controller, denoting that yawing

torque is only produced by flaps; however, the roll and pitch
moments could be generated using both. Figure 6(a)
demonstrates the total configuration of the simulator, all of
the main reference values are generated, using a signal
producer; then controller part which is distributed into
Fig. 6(b), regarded as the whole control loop. Considering
higher level and lower level, once €xdes and €ydes are brought
up, as shown in Fig. 6(c), by a PD controller to generate �des
and �des [6], then entering reference and state magnitudes
into the inner loop, the sliding algorithm is conducted to
result thrust force and circular moments, as presented in
Fig. 6(c). To continue, Fig. 6(e) displays the Motor-Flap
Mixing part, which is the configuration of controller outputs
to be legible for engines and flaps. As described in Fig. 5, the
principle propellers are only in charge of generating lift

Fig. 9. Comparison of the drone state and reference positions and attitude angles, when Xref ¼ 6m, Yref ¼ 6m, and Zref ¼ 5m and only
flaps are utilized.
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force, and for attitude, flaps and EDFs are employed. Finally,
Fig. 6(f) demonstrates the 3D model of SimScape, which is
imported from the previous approximated model in Solid-
works. Despite the movements and rotations defined in
modeler SW, here in counterpart, they are translated to
transform joints and revolut joints, respectively, then a full
6DoF model is simulated by rotations to connect the Body
and Inertial frames; therefore, all forces and moments are
transformed. Moreover, a full model of 32 flaps, 8 EDFs, and
the state feedback loop are developed in this segment.

4. Results and Analysis

Hereupon, some of the graph results are brought. Consid-
ering the mass is an important clue in such a heavy drone,
then realize that it is impossible to tune a controller acting
in a second. Meanwhile, through Fig. 5, it is cleared that the
position and attitude variables are dependent, since the
position values are issued by the reference block, and then
through the guidance loop, attitude desired values (�des and
�des) are computed. Despite a hasten reaction of small
drones, the DH behavior is far slower. Figure 7 shows the
comparison of the state and reference values of attitude
angles, �, �, and  , when EDfs and flaps are working si-
multaneously. The minuscule yawing rotation is due to the
unwanted moments affected on the drone, which is gener-
ated by increasing the damping coefficient of flap servos to
accelerate and decelerate the yaw flaps abruptly. Figure 8
shows the comparison of the state and reference values of
position, x, y, and z, when no flap functions and the drone is
controlled only by EDFs. Supposing the command of the
vertical axis is to go up to 5 m, and 6 m for the lateral
values; hence, as described before, the DH acts latent but
with less than 10% error is acceptable in graphs. Notwith-
standing, the controller performance is semi-valuable using
EDFs, controlling only by flaps makes the system highly
delayed. This is due to the low power of flaps in such a
grand system. Results in Fig. 9 demonstrate the impact of
the flaps controller when no EDF is employed.

5. Conclusion

In short, during this research, once the system was desig-
nated to be controlled only by flaps, then only by EDFs, and
finally, equipping both, concurrently. According to the
results, it was observed that using only flaps makes
DH suffer from latency as shown in Fig. 9. To the lower
extent, when only EDFs work, the same phenomenon

was perceived. While equipping both flaps and EDFs makes
the system acts agile, adequately, to be valuable in attitude
control stability. Therefore, this research recommends using
both flaps and EDFs in the control system. Moreover, the
huge benefit of using such a system is controlling the atti-
tude, using flaps and EDFs, and increasing the flight time
endurance by using gas engines.
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