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ABSTRACT The rapid evolution of the Unmanned Aerial Vehicle (UAV) industry has significantly increased
interest in UAV design with trans-domain capabilities. It is still a major challenge to achieve miniaturization
and enhance the maneuverability and underwater reliability of trans-domain UAVs. In this paper, a novel
bullet shape Trans-Domain Amphibious Vehicle (TDAV) is proposed which achieves free trans-domain
motion and has the advantages of small size, high maneuverability and high reliability for both rotary-wing
UAV and Autonomous Underwater Vehicle (AUV) operation. Compared with traditional amphibious
machines, the TDAV design is streamlined and thus inherits the advantages of both the Bamboo Dragonfly
and underwater AUVs. The proposed TDAV has a coaxial counter-propeller-tilting platform which satisfies
the power and small diameter fuselage requirements, and the blades fold to reduce underwater drag and
facilitate transportation. Further, a stable and efficient trans-domain attitude adjustment system is presented
which effectively realizes trans-domain attitude switching. Based on the characteristics of the symmetric
TDAV body, a rudder blade allocation algorithm is proposed to realize free movement in water. Finally,
an improved particle swarm optimization algorithm is used to obtain suitable hierarchical fractional-order
PID parameters. Both simulation and outdoor tests were performed and the results demonstrate that the
proposed TDAYV achieves outstanding performance in terms of lift altitude, trans-domain attitude switching
time, and free trans-domain movement in both water and air.

INDEX TERMS Coaxial counter-propeller, trans-domain motion, amphibious vehicle, unmanned aerial

vehicle, control strategies.

I. INTRODUCTION

Trans-domain aircraft have been the subject of research
since the 1920s [1]. Conventional Unmanned Aerial Vehi-
cles (UAVs) are highly maneuverable, non-contact, and
can operate for long periods of time. Hence they are
employed in a wide range of fields such as disaster relief,
aerial video, agricultural production [2]-[4] and other civil-
ian applications, as well as reconnaissance, targeting [5]
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and other military applications. Autonomous Underwater
Vehicles (AUVs) have been instrumental in exploring the
oceans [6] including bottom topographic surveying and inves-
tigating submarine hydrothermal sulfides. Recent advances
in UAV technology and the increasing demands and number
of applications have made trans-domain UAV with aerial
cruise and covert underwater capabilities an important area
of research.

In 2007, the Seagull series of surface drones was tested
successfully [7]. Hydroplane taxiing was employed for take-
off and landing. In [8], [9], an amphibious concept aircraft
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FIGURE 1. Illustration of the TDAV motion modes.

called Flying Fish with water glide landing capability was
proposed. A prototype Flying Fish amphibious robot was
presented in 2011 which also adopts glide takeoff and
landing [10]. Sliding leap takeoff and landing is an effective
way to provide water impact resistance for structures. How-
ever, this has problems such as time consumption and long
takeoff and landing distance requirements which limit the
applications.

In 2005, DARPA [11] commissioned the Cormorant UAV
which employs splashdown to achieve trans-domain move-
ment. In 2015, an amphibious trans-domain UAV was devel-
oped that mimics a skipjack to enable vertical takeoff and
splashdown [12]. Test flights were conducted to validate the
design. Splashdown water entry has advantages in terms of
entry time and landing distance. However, the difference in
density between air and water is about 800, so the significant
impact force generated by the sudden change requires signif-
icant structural strength and impact resistance.

Recently, rotorcraft drones have been employed in under-
water environments. Several prototypes have been developed
such as Aquacopter [13], QuadH2o0 [14], Mariner [15], and
HUAUV [16], [17]. These amphibious drones take off verti-
cally from the water using the thrust of four rotor blades and
can land smoothly on the water surface. However, they have
poor underwater maneuverability and inconvenient storage
which limits their applications.

In [18], a submarine deployable helicopter named Water-
spout was proposed. A folding blade structure was adopted
for stowage during transport and release is from the missile
silo of the submarine. It is buoyant so it can float on the
water and takes off vertically from the water surface using
coaxial counter-propellers. However, this design has not been
validated experimentally and the lack of active movement on
the water makes Waterspout susceptible to currents that may
prevent takeoff.

The emergence of UAVs with specialized shapes has moti-
vated research on the design of the corresponding controllers.
In [19], a robust neural network-based adaptive controller
was proposed. This controller can effectively suppress exter-
nal perturbations while following the desired trajectory.
In [20]-[22], an algorithm based on sliding mode con-
trol was proposed to control a coaxial dual-rotor aircraft.
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A Gun-Launched Micro Air Vehicle (GLMAV) was designed
in [23]-[25] based on a detailed aerodynamic analysis and
the corresponding controllers were developed in [26]-[30].
In [31], [32], a ballistically-launched collapsible multi-rotor
vehicle was designed and successfully tested outdoors.

In this paper, a novel Trans-Domain Amphibious Vehi-
cle (TDAV) is proposed to mitigate the problems with pre-
vious approaches. It is designed to be impervious to water so
drone operation in an aquatic environment does not require
a capsule for protection. Both water takeoff and landing are
vertical. This saves time and distance compared to taxiing and
avoids the effects of water impact on the fuselage compared to
splashdown. Different from rotorcraft UAVs, the TDAV flight
system utilizes a coaxial counter-propeller-tilting platform
structure with folding blades. This reduces the flow resistance
in water and facilitates stowage and transportation. Compared
to GLMAVY, the proposed TDAV has a bullet shape with a
more slender body. This expands the possible underwater
applications and facilitates barrel boost realization. Further,
it overcomes the technical challenges of Waterspout and has
the maneuverability to effectively move in water. Thus, the
proposed TDAV provides improved unmanned system capa-
bilities in naval operations as shown in Fig. 1, and will lead
to future advances in TDAV systems.

The contributions of this paper are as follows.

o A novel trans-domain amphibious UAV is proposed
which has a bullet shape. A coaxial counter-
propeller-tilting platform structure is adopted to provide
sufficient power and also fit within a small diam-
eter airframe which is waterproof. A hierarchical
fractional-order PID control algorithm using improved
particle swarm optimization is developed to determine
the flight control parameters.

o To provide TDAV trans-domain motion, an Energy-
Attitude Multiplexing (EAM) system is designed.
further, a new acceleration and deceleration control
algorithm is proposed to improve switching between
trans-domain modes.

« A novel rudder blade allocation algorithm is proposed
as conventional cross-shaped and X-shaped allocation
methods cannot provide suitable attitude movement
when the TDAV is rolling on the water due to its
symmetry.

« A TDAV prototype was developed and the performance
of each component was verified. A lake test was con-
ducted which verifies that the TDAV can travel freely
in both air and water. All test results met the design
specifications.

The rest of the paper is organized as follows. Section II
introduces the system concept including TDAV movement.
The challenges and solutions in the development of the
system platform are discussed in Section III. The results
of the outdoor experiments and discussion are presented
in Section IV, and Section V provides some concluding
remarks.
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FIGURE 2. Version 2.0 of the TDAV platform.

Il. SYSTEM CONCEPT

As previously mentioned, a Trans-domain Amphibious Vehi-
cle (TDAV) is proposed with a bullet shape and the ability to
travel freely through air and water. The TDAV motion modes
are divided into three parts: flight, trans-domain, and sail, for
the purposes of implementation. Version 2.0 of the platform
is shown in Fig. 2 (a) sail mode, and (b) flight mode with the
propeller fully deployed and (c) top view.

In flight mode, the TDAV can hover like a conventional
multi-rotor aircraft. However, the flight module converts
to a coaxial counter-propeller-tilting platform to improve
climbing efficiency. Further, adjusting the rotational speed
of both rotors and varying the inclination angle of the plat-
form provides both rotational and translational movement.
When the TDAV leaves the water, the rudder fins remain
upright to increase the aerodynamic damping during yaw
motion which reduces the spin effect caused by the coaxial
counter-propeller structure.

Trans-domain is the key mode for movement between
water and air and to ensure suitable amphibious functionality.
Fig. 1 shows that when the TDAV navigates underwater, the
EAM module dynamically adjusts the position of the center
of gravity on the fuselage axis to balance force and torque so
the head (propeller) remains upright at all times. The coaxial
counter-propeller motor provides flight power so the folded
propeller blades can overcome water resistance and allow the
TDAV to achieve trans-medium out-of-water movement.

Sail mode is for motion in water and has six degrees of
freedom, namely pitch, roll, yaw, and x, y and z directions as
will be explained later. The folding wing structure ensures a
streamlined fuselage which reduces the resistance in water.
As with conventional underwater vehicles, the tail thruster
and tail fin of the TDAV are the primary mechanisms for
underwater movement. They adjust the attitude of the fuse-
lage in water while the flight mechanism is in silent (standby)
mode.
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Switching between motion modes is critical for TDAV
trans-domain motion and a flowchart for this is shown in
Fig. 3. The steps for switching between the three modes are
as follows.

1) If the initial state is sail mode, the stepper motor adjusts
the center of gravity so that the body pitch is within =
430° in conjunction with the underwater power mod-
ule for underwater attitude movement.

2) According to the navigation destination and trans-
domain attitude switching mode, the stepper motor
adjusts the position of the center of gravity of the
fuselage so the pitch is 90°.

3) When the attitude sensor detects that the body pitch is
90° % 15° for 500 ms, the TDAV switches into flight
mode. The coaxial counter-propeller motor starts to
rotate and the folded blades open due to centrifugal
force so the initial gravity and buoyancy equilibrium
state is broken. When the motor reaches the required
RPM, the TDAV moves out of the water due to the lift
force and flight begins.

4) After the flight mission, the TDAV slowly descends
into the water and the propellers close to the sides of
the fuselage due to the mechanical tension springs.

5) When the depth sensor in the nose detects that the
fuselage is below the water surface, the trans-domain
attitude mode changes and the stepper motor adjusts
the body pitch to 0°.

6) When the attitude sensor detects a body pitch of £10°
for 500 ms, the TDAV switches to underwater sail
mode.

7) Goto step 1.

The TDAV is designed to have three sections with water-
proofing between them using O-ring seals. Fig. 4 shows the
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FIGURE 4. The TDAV components.

TABLE 1. The TDAV mass distribution.

Element Number  Mass (kg)  Proportion (%)
Motor 2 1.20 18.0
Servomotor 2 0.14 2.1

Blade 4 0.50 15.0

Battery pack 1 3.80 28.5
Electronics module 1 0.20 1.5

Servo 4 0.04 1.2

Thruster 1 1.20 9.0

Machined component 1 3.30 24.7

TDAV components and an assembled CAD view is given
in Fig. 5. Table 1 gives the mass of the TDAV elements
determined using Solidworks modeling. This shows that the
fuselage accounts for 24.7% of the mass while the battery
accounts for 28.5%. It would be difficult to reduce the TDAV
mass without affecting the trans-domain motion.

Ill. TDAV PLATFORM

The TDAV platform was the key part of the TDAV devel-
opment process. Due to the unique structure of the TDAV,
numerous implementation challenges had to be overcome.
The three main challenges were: 1) the design of the flight
power module for the bullet-shaped structure, 2) the design
of the trans-domain attitude switching module for vertical
takeoff and landing, and 3) the design of the underwater
movement power module. The difficulties associated with
these challenges as well as the solutions developed are pre-
sented in this section.

A. TDAV FLIGHT POWER CONFIGURATION
The design and development of the flight dynamics portion
of the TDAV platform is presented in this section.

1) MECHANICAL ASPECTS

The TDAV platform is about twice as long as the
GLMAV [27] in terms of the aspect ratio, so the TDAV
fuselage is narrow. Thus, the traditional two-motor driven
coaxial mechanism adopted in the GLMAV system cannot
meet the flight design requirements. As a consequence, a new
coaxial counter-propeller motor was developed for TDAV
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FIGURE 5. CAD view of the final version of the TDAV platform.

FIGURE 6. Parameters of a single rotor of a coaxial counter-propeller
motor.

trans-domain motion. Different from traditional motors, it has
an upper and lower coaxial structure so the diameter is less
than 160 mm with a total lifting force of more than 40 kg,
and is waterproof. The coaxial counter-propeller motor is
shown in Fig. 6. The parameters for an individual motor are
given in Table 2. This shows that when the throttle is 100%,
the maximum pull is over 20 kg, the maximum current is
over 100 A, and the maximum power is over 5000 W.
Compared with conventional rotorcraft, the coaxial
counter-propeller motor is simpler and more compact. Fur-
ther, it makes the TDAV weight more concentrated at
the center of gravity which reduce the rotational iner-
tia during trans-domain attitude switching. The coaxial
counter-propeller structure means the upper and lower rotors
rotate around the same axis in different directions. The torque
required for yaw motion of the vehicle is generated by the
total pitch difference between the rotors, eliminating the need
for a tail rotor and providing higher hovering efficiency than
conventional rotorcraft. To meet the requirements of both
small diameter and waterproof, a new flight attitude adjust-
ment structure was developed. This structure is similar to a
gimbal as it vectorizes the direction of the head of the TDAV
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TABLE 2. The coaxial counter-propeller motor parameters.

Throttle (%) Pull-up (kg) Pull-down (kg) Current (A) Power (W)

0 0 0 0 0

10 2.25 2.25 4.0 175.4
20 3.33 3.33 6.9 2140
30 5.55 5.55 14.0 2730
40 7.60 7.60 22.6 3208
50 9.82 9.82 33.0 3613
60 11.93 11.93 44.5 3958
70 14.10 14.10 58.3 4280
80 16.41 16.41 72.1 4570
90 18.57 18.57 90.0 4845
100 20.80 20.80 104.5 5080

by turning the servo to generate torque. For stability reasons,
the maximum tilt angle is set to no more than 15°. The
above structures are collectively called the coaxial counter-
propeller-tilting platform.

A folding design was used for the rotor consider-
ing the amphibious TDAV characteristics and the coaxial
counter-propeller motor. When the motor is stationary, the
tension spring structure folds the blades close to the body to
improve symmetry and facilitate navigation in water. In flight
mode, the blades open smoothly due to the centrifugal force
generated by the motor rotation. To avoid collisions between
the upper and lower propellers during initial rotation and to
ensure sufficient lift, a design with a shorter lower propeller
disc and longer lower propeller clamps (as shown in the
propeller structure in Fig. 4), was adopted after several tests
and improvements.

Numerical simulations of TDAV in air and water environ-
ments were carried out with the help of the Fluent software
package to find the appropriate parameters for the design to
improve the motion performance (See Appendix A). The sim-
ulation results are an excellent basis for designing the TDAV
body, but the long fuselage and low center of gravity makes
it prone to swaying during flight. This must be corrected by
the control algorithm.

2) FLIGHT CONTROL STRATEGY
The flight control algorithm is critical to stable TDAV flight
in the air. However, unlike the traditional swashplate struc-
ture of the well-known coaxial twin-rotor aircraft [33]—[35],
the TDAV adopts a tilting platform structure for air attitude
adjustments. Thus, an effective TDAV flight control algo-
rithm must be developed.

To design a suitable control strategy for the TDAV,
a detailed dynamic model was constructed from the
corresponding mechanical, fluid mechanics, and aerome-
chanics parameters. The relevant coordinate frames and main
variables required for modeling are shown in Fig. 7. Table 3
gives the mathematical expressions for the model parameters.

The TDAV is an underdriven, nonlinear complex system
with four degrees of freedom control inputs and six degrees
of freedom outputs. The upper and lower rotors provide the
thrust and the tilting angle of the tilting platform provides the
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FIGURE 7. Related frames and parameters of TDAV.

TABLE 3. Definitions of symbols used in a dynamic model.

Parameter Variable

Position in the inertial frame
Velocity in the inertial frame
Acceleration in the inertial frame
Euler angle in the inertial frame
Angular velocity in the body frame
Motor thrust under the body frame

Motor torque under the body frame
Inertial matrix

¢=[zy,2"

v = [vz, vy, V2]

a = lag,ay,a;]
n=1[4,0,4]"

w = Wz, wy, wz]

T = [T, Ty, T2

I = [My, My, M.]T

J = diag [Jea, Jyy, J=z]

Transformation matrix Ry
Platform tilt angle Ocay Ocy
Mass and mass reciprocal m, A
Upper and lower motor speeds Q1, Q0
Aerodynamic coefficients Y1,7Y2, @, B
Distance between O1 and G d

Gravity acceleration g

torque control. The changes in position, velocity, angle, and
angular rate are represented by {O, x., Ve, z.} in the inertial
coordinate frame and {G, xp, yp, 25} in the body coordinate
frame.

To simplify the analysis and thus reduce the difficulty of
controller design, some model approximations are used. The
aerodynamic effects between the upper and lower propellers
and the air resistance acting on the fuselage are neglected dur-
ing hovering. However, this will be considered as an external
perturbation in the simulation analysis. The equations for the
forces and moments on the TDAV can then be expressed as

(aQ% + ,BQ%) €08 8¢, €08 8¢, + mg cos 6 cos ¢
—daQ? sin§¢y cos 8., — d B sin 8y cos 8,
do Q% cos &, cos Scy + dﬁQ% cos &, cos 80),

Q-+ Q3

T

2~

ey
. T.—B23
The TDAV control signals are Q% = “Tﬁz, Q% =
ay—pn daS2+dpQ3’ da22+d 23 which

are represented by the control input 7, I (Mx, M,, MZ)T.

8cx = and (SCy =

149437



IEEE Access

Y. Gao et al.: Trans-Domain Amphibious Unmanned Platform Based on Coaxial Counter-Propellers

Due to the complexity of the coaxial counter-propeller and
tilting platform structures, and the problem of autonomous
control in the presence of external disturbances, a hierar-
chical fractional-order PID (FOPID) control algorithm is
employed. The inner loop of this algorithm provides FOPID
control while the outer loop is conventional PID control.
An improved Particle Swarm Optimization (PSO) algorithm
is proposed to determine the FOPID control parameters. The
flight control block diagram is shown in Fig. 8.

Parameters
Seeker Optimization Algorithm

Kp.Ki.Kd. Lt

| TDAV
— Nonlinear Dynamic
Model

FIGURE 8. Closed-loop control block diagram of the TDAV flight control
system.

The time and frequency domain expressions for the FOPID
controller [36] are

u(t) = Kpe(t) + K;D *e(t) + Ky D" e(t) )
G(s) = Kpe(t) + Kis™* + Kys" (3)

where K), is the proportional gain, K; is the integral gain, Ky
is the differential gain, and A and p are the orders of the inte-
gral and differential controllers, respectively, A, u € (0, 1).
Since FOPID have two more parameters than traditional PID
controllers, they can provide better control robustness [37].
However, more parameters can make parameter tuning more
difficult. Methods for optimizing the PID control parameters
were proposed in [38], [39]. In this paper, a PSO algorithm
is used to obtain the hierarchical FOPID parameters of the
attitude control loop (See Appendix B).

Disturbance rejection is important for effective TDAV con-
trol. Fig. 9 presents the step response for the conventional
PID (green dashed line), fractional-order PID (blue solid line)
and proposed hierarchical fractional-order (red solid line)
PID control algorithms. Fig. 9(a) shows that the response of
the conventional algorithm is fast, but the overshoot is large
(53%) and the time to steady-state is long. The proposed
algorithm has a smaller overshoot (0.5%) and significantly
faster time to steady-state. Fig. 9(b) shows that the proposed
algorithm has excellent response to an external disturbances.

The PSO algorithm was executed 50 times and the
best parameters were chosen as the final PID parame-
ters. These parameters are used in the system model for
motion simulation. Fig. 10 gives position and orientation
of the aircraft during flight for the commanded position
{xq(t), ya(t), za(t), ¥4(t)}. This shows that the proposed hier-
archical FOPID controller (red dashed lines) has a faster rise
time, and a shorter time to steady-state than the conventional
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FIGURE 9. Pitch of the proposed hierarchical fractional-order,
conventional PID, and fractional-order PID control algorithms: (a) step
response, (b) disturbance response.
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FIGURE 11. Trajectory error with the proposed hierarchical and
conventional FOPID algorithms.

FOPID controller (green dashed lines). Fig. 11 presents the
trajectory error, i.e. variations in (¢, 0), using the proposed
hierarchical and conventional FOPID controllers to improve
the effectiveness of the proposed control strategy. This effec-
tiveness will be verified experimentally in the next section.

B. TDAV ATTITUDE SWITCHING CONFIGURATION
Effective attitude switching performance is important to suc-
cessful TDAV trans-domain movement. Therefore, the con-
figuration of the TDAV attitude switching mode is a key
design challenge. An Energy-Attitude Multiplexing (EAM)
system was designed for the TDAV to enable rapid vertical
takeoff and landing during trans-domain motion.

1) MECHANICAL ASPECTS
Fig. 5 shows that the EAM module is located in the middle
of the TDAV fuselage with the electronics compartment at
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the top and the underwater power module at the bottom.
The electronics module consists of a mainboard, inertial
measurement unit (IMU), and processor module. The EAM
is the TDAV energy source as well as a key component
required for trans-domain mobility. The center of gravity
is changed by a stepper motor moving the battery pack on
the body axis to achieve attitude switching in trans-domain
motion. The battery pack must meet the following condi-
tions for trans-domain motion: 1) ability to drive the coaxial
counter-propeller motor, 2) lifetime greater than 10 min, and
3) airframe symmetry in flight mode. The battery pack was
customized to meet these specifications and the parameters
are given in Table 4.

FIGURE 12. The custom battery.

TABLE 4. Custom battery parameters.

Parameter Value

Name TDAV-Bat-12S
Capacity 12000 mAh
Discharge rate 20C

Nominal voltage 44.4V

Fully charged voltage 50.4V
Instantaneous discharge current 240 A
Continuous discharge current 180 A

Dimensions 186 x 103 x 75 mm

The power requirements of the coaxial counter-propeller
motor and the underwater thruster are significant and they
have different input voltages. This poses stability and safety
challenges for the circuit design. To meet these challenges,
multi-stage step-down voltage conversion with isolation is
employed. The custom battery is shown in Fig. 12. It is
hollow in the middle so the stepper motor can easily move the
battery pack. However, precise control of the stepper motor
is necessary for successful TDAV motion attitude adjustment.
Further, the speed of this motor will determine the speed of
motion attitude adjustment.

2) ATTITUDE SWITCHING CONTROL STRATEGY

The stepper motor must precisely control the battery pack.
However, conventional speed control methods may lead to
step loss or overshoot which will affect TDAV attitude reg-
ulation. Thus, an improved S-curve acceleration/deceleration
control algorithm is proposed for this purpose. There are two
main types of S-curve control algorithms, one that employs
a specific S-curve [40]-[42], and another that employ sepa-
rate S-curves for acceleration and deceleration. The S-curve
stepper motor speed control function employed here is

f(x) =A + Btanh(a x x + C) 4)
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where a = 1/2 is the tilt parameter which adjusts the slope
of the linear part of the curve, and scaling and translation
is achieved by adjusting A, B, and C. Fig. 13 illustrates this
function for different values of a with A = 0, B = 1, and
C = 0. This shows that it has a symmetric S shape which is
suitable for the stepper motor.

=tanh

f(x)

-0.5

FIGURE 13. The stepper motor speed control function with different tilt
parameters a.

The tanh function is complex to implement, which is a
problem for real-time control systems. Thus, values of f(x)
were discretized and stored in a lookup table. The acceler-
ation ratios in an array, and calculating the pulse frequency
required for each step before the motor is controlled. It also
achieves ‘“‘closed-loop” control by combining with position
sensors to further improve control accuracy.

A STM32F405RGT6 processor and DRV8825 stepper
motor driver were used for speed regulation of a two-phase
four-wire hybrid stepper motor. The stepping angle of this
motor is 1.8°. For smooth motor operation, the master clock
frequency of 84 Mhz was divided into four, is used as
the clock frequency of the timer. Further, division by 16
is employed with the stepper motor driver so the angular
displacement of a pulse is 0.1125°. Test results are presented
in Section IV.

C. UNDERWATER POWER CONFIGURATION

Unlike Waterspout, the TDAV has the ability to move under-
water. The underwater power module is composed of four tail
rudder pieces and a thruster. The tail rudder employs dynamic
sealing for waterproofing and operations based on attitude
adjustment control commands are used to achieve underwater
movement.

The TDAV is mechanically symmetrical which ensures
that the center of gravity and center of flotation are on
the same vertical axis. However, this symmetry makes
the cross-shaped and X-shaped rudder blade distributions
used in conventional AUVs unsuitable due to the effect
of water resistance. Further, the TDAV is susceptible to
cross-rolling, which makes these traditional rudder blade
configurations inadequate for attitude movement in water.
Therefore, an effective means of underwater motion must
be designed. The solution is a new rudder blade allocation
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algorithm that enables effective attitude movement in water
with non-cross and non-X-shaped arrangements. Fig. 14
shows the conventional cross-shaped and X-shaped rudder
blade arrangement [43]-[45] with the parameters given in
Table 5. The X-shaped rudder is obtained by rotating the
cross-shaped rudder 45° clockwise or counterclockwise.

TABLE 5. Rudder parameters.

Parameter Variable
Rudder blade angle &4
Hydrodynamic force on the rudder blade  R;
Horizontal rudder angle Os
Vertical rudder angle or
Differential rudder angle dd
Fuselage cross-roll angle Bm,

FIGURE 14. Cross-shaped rudder (a), and X-shaped rudder (b).

Cross-roll occurs due to the forces from water resistance
as shown in Fig. 15. It is assumed that §; is clockwise at an
angle B, which can be measured by the on-board sensors. The
tail rudder generates a hydrodynamic force in the dynamic
coordinate system Gy,,. Considering only the effect of the
tail rudder on yaw and pitch, and ignoring the force in the
x-direction, the hydrodynamic components in the Gy, plane
are Ry, R2, R3 and R4. Assuming a tail-to-head view from the
TDAV, define §; and &3 as positive on the right lower rudder
and > and 44 as positive on the left lower rudder. Then, the
forces Y and Z in the y and z directions are

Y = —Rjcos B, — Ry cos B, — R3 cos B, — R4 cos B,

Z = RysinB, — RysinB,, + R3sin B, — RysinB,,  (5)
where R; = R?Si and R? is the hydrodynamic force on rudder
d; for one degree. Assuming that the tail rudder blade areas
are the same and ignoring the differences in the rudder flow
fields, and defining R? = k,, the above expression can be
rewritten as

Y = ky (—681 cos B, — 82 cos B, — 83 cos B, — 84 cos Byy,)
Z = ky (81 sin B, — 82 sin By, + 83 sin B, — 84 sin B;,,)  (6)

For a typical cross-shaped tail rudder, the forces in the y

and z directions are
Y=k x§

7
Z =k x4, M
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FIGURE 15. The forces on the TDAV tail rudder plane.

If the difference in the flow field between the two arrange-
ments are ignored, k, = k. Then, from (6) and (7) we obtain

8y = &1 8in B, — 82 sin By, + 83 sin B, — 84 sin By,
s = —&81cos B, —bacos B, — 83 cos B, — dacos By (8)

For differential motion, the TDAV rudder forces in the Y
and Z directions are

8d13(z) = Ry sin B, — Rz sin B,

6d13(y) = Ry cos B, — R3cos B,

8424(zy = —Ro sin B, + Ry sin B,

8424(y) = —R2 cos By + R4 cos By, ©)]

and for a typical cruciform rudder are given by

8d13(z) = kx X 84

8a13) = 0
8a2a) =0
Sa2ay) = kx X 84 (10)

Combining (9) and (10) gives
84 = 81 sin B, — 87 cos B, — 83 sin B, + 84 cos B, (11)

If B, = 6, then B,, = 90° — 6, and substituting (11) in (8)
gives

8 g‘
& |=H|%? (12)
5 %
d 5
where
—sinf —cosf —sinf —cosb
H =] cosf —sinf cosf —sinf (13)
cosf —cosf —cosf cosb
The required rudder angle assignment is then
sl [
=18 (14)
83 5
84 d
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—l/ZSinG 1/25in9 1/40059
—1/2c9s9 —1/2sin6 —1/4cos6 (15)
—1/2sin6 1/2cos6 —1/4cos
—1/2cos® —1/2sin6 1/4cosd

However, when the TDAV rolls exactly £90° or £270°,
ie. 6 = £90° or 6 = £270°, respectively, infinity occurs in
the above equation so they are modified which gives

81 —1/2sin6 1/2sin6 1/4cos6
8 | _ | =1/2cosb —72sin0 —1/4cos6
83 | ~ | —1/2sin6 1/2cos6 —1/4cos0
84 —1/20089 —1/25in9 1%10059
-5,
x| 8 |, 6 #=£90°N=+270°

_—1/2sin9 1/25in9 1/4
—1/20059 —1/25in9 —1/4

x —1/2sin9 1/2cos9 —1/4
_—1/20059 —1/25in9 1/4
s,

x| & |, 6=490°nN+£270° (16)

The relationship between the desired TDAV underwater
attitude motion (35, 8, 84) and the actual rotation angles of
the rudder blades (81, 87, 63, 84) can be obtained from (16).
The angle 6 is the current roll angle of the fuselage relative
to the cross-shaped rudder that has been tilted. Once a roll has
occurred, the correspondence between the desired direction
of motion and the actual rudder blade deflection angle is
given by (16). This rudder blade assignment is suitable for the
TDAV as will be verified experimentally in the next section.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, the performance of the TDAV flight control
system, attitude switching system, and underwater sailing
system are tested separately. Then, the reliability and stability
of the combined TDAYV system is verified. Fig. 16 presents the
TDAV testing steps.

A. FLIGHT CONTROL SYSTEM

Fig. 17 shows several HD camera images of the folding
propeller. These test results indicate that when the throttle is
more than 20%, the folding propeller opens successfully due
to centrifugal motion.

The maximum climbing force is a key operating parameter.
Fig. 18 shows that the climbing force and RPM gradually
increase as the throttle increases. When the throttle reaches
100%, the force and RPM reach their maximum values which
satisfy the design requirements. Fig. 19 presents the power
for two operating conditions. Fig. 19(a) is the power for
a single rotor motor as the throttle increases. The power
of the coaxial counter-paddle motor is approximately twice
this value. Fig. 19(b) presents the power for the underwater
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FIGURE 17. Folding blade opening on land with approximate throttle:
a) 0%, b) 10%, c) 15%, and d) 20%.

thrusters. This shows that when the throttle is equal to 50%,
the thruster stops working and the discharge power is O.
As the throttle increases beyond this point, the thruster rotates
forward and the power increases. Similarly, as the throttle
decreases, the thruster rotates in the reverse direction and
the power increases. Considering that there are significant
voltages and current in the system, the modules are designed
to have isolated power supplies with all ports connected to
the battery via anti-flash high-power connectors.

The TDAV is much heavier than a conventional UAV, so for
safety reasons it is important to verify and test the flight
control algorithms. Fig. 20 shows that the angular ring output
accurately follows the required attitude angle according to
the control algorithm even when the angular velocity is large.
This confirms the feasibility and effectiveness of the control
algorithm.

B. ATTITUDE SWITCHING SYSTEM

The attitude switching system adjusts the TDAV body attitude
to achieve the transition from sail to flight or the opposite
process. Fig. 21 shows HD camera images of the TDAV
transition from sail to flight in water, and the reliability of
the attitude adjustment system is proven by the 100% success
rate. Fig. 22 presents the time taken to complete this task with
a conventional velocity control algorithm which controls the
motor at a constant speed and the proposed S-curve control
algorithm. This shows that the proposed algorithm is faster
and more stable than the conventional algorithm as only 25 s
is required to complete TDAV attitude switching.

C. UNDERWATER NAVIGATION SYSTEM
Fig. 23 shows HD camera images of the TDAV propeller
opening in water. Although water resistance is a challenge,
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FIGURE 18. The TDAV climbing force.

FIGURE 19. The (a) coaxial counter-propeller single motor power, and
(b) underwater thruster power.
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FIGURE 20. Flight attitude adjustment tests: (a) outer loop trajectory
tracking, and (b) inner loop trajectory tracking.

FIGURE 21. The transition from sail to flight.

when the throttle was at 25% the propeller opened smoothly
and was able to drive the TDAV body to the water surface
which meets the requirements of the trans-domain platform.

In response to the increasing throttle signal, the air-
frame continuously breaks free from the water resistance to
complete the out-of-water movement. In this process, the
proposed attitude control algorithm ensures that the TDAV is
stable upward which meets the motion requirement of water
exit.

D. COMPREHENSIVE TESTING

The comprehensive tests were conducted on November 18,
2019, at Jimo Lake in Qingdao, Shandong, China. It was a
sunny day with no wind.
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FIGURE 22. Time required for attitude switching for the proposed and
conventional algorithms (a) horizontal to vertical, and (b) vertical to
horizontal.

FIGURE 23. TDAV propeller in water with the throttle at approximately
a) 0%, b) 15%, c) 20%, and d) 25%.

The TDAV relies on the thrusters and rudder to pro-
vide six degrees of freedom movement for the airframe
underwater. Fig. 24 shows that the proposed rudder blade
assignment algorithm successfully overcomes the TDAV
roll phenomenon and achieves appropriate motion in water.
The platform sails to a predetermined position and then
enters trans-domain mode according to the control com-
mand. Then, the attitude switching system adjusts the center
of gravity, making the platform vertical by balancing the
force and torque. The results of several trans-domain atti-
tude switching tests indicates that the platform can complete
trans-domain attitude switching within 25 s, which satisfies
the trans-domain movement requirements.

Fig. 25 shows the outdoor flight test. The results indicate
that when the throttle is at 30%, the TDAV moves upward,
and at 55% it exits the water and hovers at a height greater
than 10 m. Thus, trans-domain operation from sail to flight
modes was completed successfully. Fig. 26 shows the TDAV
landing and recovery. After completing the mission, it slowly
descended to the water surface and landed successfully. Thus,
trans-domain operation from flight to sail mode was also
successful.

Multiple tests were conducted to confirm that the TDAV
can takeoff within a short period of time as shown in Table 6.
After attitude switching, 5 s was required for the propellers
to open, and 25 s for the coaxial counter-propeller motor to
reach the speed required to exit the water. Then after 35 s, the
TDAV exited the water surface and entered flight mode. Fol-
lowing landing in water, the coaxial counter-propeller motor
stopped and the blades folded after 120 s, and 25 s to complete
the attitude switch from flight mode to sailing mode. After
entering sail mode, underwater motion commenced within
10 s. Overall, the TDAV was able to complete the attitude
transition and navigate underwater within 3 min.
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FIGURE 25. TDAV movement exiting the water and hovering.

FIGURE 26. The TDAV landing on water.

TABLE 6. The time required for trans-domain movement tasks.

Task Definition Time (s)
Attitude switching 25
Exiting the water Paddling in water 5
Motor achieving the required RPM 20
Out of the water 10
Motor stopping and blade folding 120
Entering the water  Attitude switching 25
Underwater motion 10

The comprehensive test results given in this section ver-
ify that the TDAV can successfully achieve trans-domain
motion. The platform response times for attitude switching
and maneuvering underwater and in the air were excellent,
and all design requirements were met.

V. CONCLUSION
In this paper, a novel amphibious UAV prototype was devel-
oped which overcomes the difficulties with trans-domain
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motion such as the suitable performance, water resistance,
and effective control. A coaxial counter-propeller-tilting plat-
form was developed based on the trans-domain requirements.
Further, an attitude control algorithm was proposed for TDAV
flight and trans-domain attitude switching. A rudder distri-
bution algorithm was designed to improve the underwater
attitude control performance in the roll state. Both simulation
and experimental results were presented which show that
the TDAV can easily switch between flight mode, sail mode
and trans-domain mode with high stability and reliability.
A 433 MHz remote control with range extension was
employed for communication with the vehicle, and the under-
water control distance was limited to within 2 m. A more
reliable and effective way to communicate underwater is one
of the future research directions.

APPENDIX A

CFD SIMULATIONS

The airborne performance of the TDAV depends on the rela-
tionship between the propeller blades and the coaxial motor.
In particular, the propeller size is critical in obtaining the
required lift. The aerodynamic performance of the airframe
with several commercially available folding propellers was
evaluated numerically using the Fluent software package.
Based on previous experience and research, the inlet of the
flow field can be set as the pressure inlet, and the outlet of the
flow field set as the pressure outlet. Considering the Reynolds
number criterion, a k — ¢ RNG model was developed to
simulate the flow field under turbulent conditions. Using this
approach, it was determined that the TDAV walls are static
and the flow field moves at a certain speed. The convergence
criterion in the simulations was 0.0001. Fig. 27 shows the gas
velocity and pressure nephogram generated by the propeller
around the fuselage when the TDAV is hovering in the air
at 4000 rpm. Fig. 27(a) indicates that when the propeller
rotates, the air above the propeller generates thrust as it
flows through the propeller. The airflow is in the direction
of the fuselage axis towards the tail and spreads out from
the propeller, which lifts the blades. This can also be seen
from the pressure nephogram in Fig. 27(b) which shows that
the pressure above the blades is smaller and the pressure
below is larger, and this pressure difference creates upward
lift.

The HobbyWing 30 inch blade was chosen based on the
simulation results and the corresponding motor torque ratio
is H/D = 0.08. This is due to the TDAV length require-
ments which resulted in the rotors being close together. The
aerodynamic performance with this blade is given in Table 7.
This shows that the lift force of the upper propeller is greater
than that of the lower propeller, but the torque required for
the upper propeller is smaller than that of the lower propeller.
Thus, the aerodynamic efficiency of the lower propeller is
lower. This is because the lower propeller must operate in the
turbulent flow generated by the upper propeller. The control
algorithm was designed to compensate for the corresponding
instability.
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FIGURE 27. The (a) velocity and (b) pressure nephogram around the TDAV
fuselage in air.

When the TDAV is underwater, the flight lift propellers
are folded around the fuselage to reduce the drag. Similar to
the air flight simulation, the inlet of the flow field was set
as the velocity inlet, the outlet of the flow field was set as
the pressure outlet, and the convergence criterion is 0.0001.
The velocity of the incoming flow was set to 1.57 m/s and the
speed of the underwater thruster was set to 3900 RPM. Fig. 28
shows the water velocity and pressure nephogram around
the TDAV fuselage. Fig. 28(a) indicates that the incoming
flow strikes the rotor disc and decelerates in front of it while
Fig. 28(b) shows that the pressure in front of the disc is
increasing which creates flow resistance. Thus, the incoming
flow striking the rotor disc is the main source of resistance
when the platform maneuvers underwater.

TABLE 7. The aerodynamic performance of the propeller.

Parameter Value Parameter Value
Upper blade pull 101.3N Lower blade pull 97.6 N
Upper blade torque 143 N-m Lower blade torque 18 N-m
Upper blade power 4.49 kW Lower blade power ~ 5.65 kW

Numerical simulation was used to design the rotor disc.
Based on the goal of reducing flow resistance, a flat stretched
rotor disc was chosen rather than a circular rotor disc as in
other airframes. Further, a length of 23 cm was determined to
provide the least flow resistance. The simulation results are
an excellent basis for designing the TDAV body.

APPENDIX B

SEEKER OPTIMIZATION ALGORITHM

The PSO algorithms have been shown to provide excellent
performance in numerous applications [46], [47]. A PSO
algorithm is initialized with a group of random particles (ran-
dom solution) and an optimal solution is found iteratively. To
achieve this, the particle velocities and positions ar updated
using

Via = W X Vig + c1r1 (Pia — Xia) + 22 (Pga — Xia)

Xid = Xid + Vid 17)
where rq, r are random values in the range (0, 1), w is the
inertia weight, and ¢y, ¢, are the learning factors. The weight
w balances global and local search, with a smaller w biased

towards local search and a larger value biased towards global
search. In this paper, a PSO algorithm is used to obtain the
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FIGURE 28. The (a) velocity and (b) pressure nephogram around the TDAV
fuselage in water.

Algorithm 1 Improved PSO Algorithm for Tuning FOPID
Parameters
1: Set parameters: ¢y, c2, w, SwarmSize, Dim, itermax
2: Randomly initialize particle positions and velocities: x, v
3: Initialize 7 matrices with zeroes: k_p1, k_j1, A2, p_2,
k_po.k—ip, k—d2
4: While iter < itermax do
5. Update vjq, xjq using (4)
6: Update w using (5)
7. If xjy exceeds a boundary then
8
9
0

: Assign the boundary value to x4

: End if

. Use the position of the particle as the new PID controller
parameters:
Xid —> Lkp1, ki1, A2, o, k pa, k in, k da]

11: Simulate the TDAV with the new controller parameters

12: Evaluate the fitness function from the UAV simulation:

J = [ ttler®] + lex(®)]) dt

13: Update the individual particles: ppest

14: Update the particle population: gpest

15: iter = iter + 1

16: End While

17: Select gpest as the control parameters.

N w w IS &
[ 5 ) 3 &

N
S

Fitness Value (Y)

0 10 20 30 40 50 60 70 80 90 100
Number of iteration (T)

FIGURE 29. Fitness versus the number of iterations with the proposed
optimization algorithm.

hierarchical FOPID parameters of the attitude control loop
(See Appendix B). The learning factors are set to ¢y = ¢ =
1.414. Since dynamic weights can provide better results than
fixed weights, the weights are obtained from

iter X (Wmax — Wmin)
W = Wmax — ; (18)
1termax
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where iter is the current iteration number, ifermax is the
maximum number of iterations, wy,x i the maximum value
of the inertia weight, and wp;, is the minimum value of
the inertia weight. In order to further accelerate convergence
of the search process, an improved fitness function J is
employed in the optimization algorithm. Pseudo-code for the
proposed PSO algorithm to optimize the hierarchical FOPID
parameters is given in Algorithm 1. A Simulink simulation
model was built to validate the TDAV model and the relia-
bility of the control algorithm. The fitness versus the number
of iterations for this model is shown in Fig. 29 for particle
dimension Dim = 7, particle swarm size SwarmSize = 300
and itermax = 300. This shows that it takes approximately 30
iterations to converge.
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