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A Transverse Bi-Rotor Aerial-Aquatic Robot
Based on Coupled Vector Power System

Yi Sun
Jiajun Xu

Abstract—An aerial-aquatic robot integrates single-
medium and cross-medium mobility capabilities, enabling
the execution of sophisticated tasks in multimedium op-
erational environments, such as ship hull inspection and
cross-medium observations. Currently, improvements in
underwater mobility capability are hindered due to the chal-
lenges introduced by the selection of power systems and
control strategies, including the complexity of power sys-
tems and low integration of control systems. This article
addresses the uncontrollable motion underwater of aerial-
aquatic robots utilizing a transverse birotor platform for
flight. A novel coupled vector power system concept is
proposed and employed to develop an aerial-aquatic robot.
This system incorporates a single vector underwater pro-
peller, coupled with the existing vector birotor system of
the flight platform, to achieve multimedium motion. The
underwater linear motion capability is evaluated based on
the test results of various combinations of the coupled
vector power system. Furthermore, water-air multimedium
motion experiments are conducted in an outdoor river
to validate the superior motion control performance of
the coupled configuration. These findings provide new in-
sights for enhancing the multimedium motion capabilities
of aerial-aquatic robots.
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[. INTRODUCTION

vehicles, existing unmanned operation systems are ca-
pable of completing complex and diverse tasks in single-medium
environments (air and water), such as wireless communications
[1] and terrain mapping [2]. Despite their excellent capacities,
drones or underwater vehicles often encounter challenges in de-
tecting ship hulls above and below the waterline in multimedium
environments. Moreover, using two separate sets of unmanned
vehicles in each medium greatly complicates detection opera-
tions and reduces efficiency. Under this context, aerial-aquatic
robots possessing single-medium and cross-medium motion
capabilities have attracted widespread attention. Furthermore,
aerial-aquatic robots should possess stable cross-medium mo-
bility, along with exceptional capabilities in aerial flight and
underwater motion [3].

In single-power systems, fixed-wing aerial-aquatic robots ex-
hibit excellent aerodynamic efficiency and prolong endurance
[4]. Despite these strengths, due to their dimensions, substantial
thrust is required to overcome the drag caused by their wings
during the transition from water to air [5], [6], [7], [8]. Fur-
thermore, enhancing the active control of underwater motion in
fixed-wing aerial-aquatic robots is necessary to improve overall
multimedium mobility [9], [10].

On the other hand, multirotor aerial-aquatic robots are
equipped with multiple rotors that generate considerable thrust
to achieve smooth and swift departing from the water surface
and perform flight motion. During cross-medium motion, dis-
turbances induced by waves and water currents subtly impact
the robot’s performance [11], enabling vertical medium tran-
sition movements. Particularly for the miniaturized multirotor
aerial-aquatic robots with blade diameters less than six inches
[12], carrying a high-speed brushless motor to generate the
required thrust presents challenges. The motors exhibit slow
control effectiveness at slow speeds due to the resistance in the
water medium. Conversely increasing motor speeds can lead to
emergence from the water before the desired time [13], limiting
its underwater motion capability. For these reasons, in addition
to the water-air cross-medium process, research on multirotor
aerial-aquatic robots focuses on the introduction of hybrid power
systems [14], [15], [16], and methods such as vector control,
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thereby improving the multimedium motion capability based on
their outstanding cross-medium capabilities.

Drawing inspiration from the stable motion strategies of
remotely operated vehicles (ROVs), the hybrid power system is
designed with separate control systems for aerial flight and un-
derwater motion, leveraging their respective capabilities tailored
to specific single-medium environments [17]. With such merits,
most hybrid power systems adopt a dual-layered separated de-
sign in terms of power layout [18], [19], [20], [21]. Despite
the enhanced underwater motion capabilities of aerial-aquatic
robots [22], [23], the dual-layered design of the hybrid power
system increases the number of underwater actuators and lowers
the integration of the control system.

Furthermore, modifying the initial underwater motion posture
of the robot or incorporating vector control into the power system
can effectively enhance the underwater motion capabilities of
multirotor aerial-aquatic robots. For one thing, controlling the
rotor’s differential speed [24] or introducing a ballast system [25]
switches the rotor’s action surface from horizontal to vertical
during underwater movement, to achieve a control logic for
underwater mode consistent with that of aerial flight mode. For
another, introducing vector control can improve the flexibility
of its underwater motion. From the initial design of four vector
rotors driven by single gear [26] to the configuration afforded by
independent tilting mechanisms [27], rotors’ vector control has
been demonstrated to support the underwater motion of aerial-
aquatic robots. Moreover, vector control can accommodate var-
ious power system configurations, such as X-type quadrotors,
X8-type coaxial quadrotors [28], and trivector rotors [29].

However, in current research on aerial-aquatic robots, the
issue of the center of gravity (C's) across both water and air en-
vironments remains unclear. As the number of rotors decreases,
the challenge of C'¢; configuration becomes more pronounced. In
the X or X8 power systems configuration, the robot exhibits C'z
is typically close to its action plane. This enables the generated
thrust at a certain tilting angle approximately to act on Cg,
realizing the desired effect of the thrust. In the case of the C'¢
designed at a specific distance from the action plane, the thrust
generated by the vector rotor cannot directly translate into usable
motion angles. Instead, it potentially introduces considerable
moments that compromise the underwater stability of the robot.
Therefore, the low C' issue impacts their multimodal capabili-
ties, rendering rotor vectorization methods unsuitable for direct
application to all configurations of aerial-aquatic robots.

Currently, aerial-aquatic robots with a low C¢ are primarily
designed as birotor systems. However, most existing research
employs a layered ROVs design to address the issue of uncon-
trollable underwater motion angles in vector tilt control [22],
and no approach has yet achieved a high degree of integration
between configuration and control, as shown in Fig. 1. Therefore,
the coupled vector power system is introduced as a novel solution
in the field of aerial-aquatic robots. This system effectively
utilizes the inherent vector tilt structure and control mechanism
of the transverse birotor design, addressing the problem while
simultaneously enabling multimodal locomotion capabilities.

This article employs the transverse birotor platform as the
flight platform, proposes a novel concept of a coupled vector
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Fig. 1. Comprehensive motion strategy of the aerial-aquatic robot

based on the coupled vector power system and comparison of motion
performance.

power system, and develops an aerial-aquatic robot based on this
innovative system. In addition, the vector control of the coupled
vector power system is further optimized based on the control of
transverse birotor configuration. By fully leveraging the vector
tilting characteristics of the birotor system and introducing
a single vector underwater propeller, it achieves a balanced
state of forces and torques on the robot to effectively control
its underwater motion posture. Moreover, the overall control
integration of the robot is enhanced, enabling single-medium
and multimedium motions. The comprehensive motion strategy
of the aerial-aquatic robot based on the coupled vector power
system is depicted in Fig.1.

The main contributions of this article are as follows.

1) It is clarified that rotor vectorization is not suitable for
all aerial-aquatic robotic configurations. Furthermore, the
importance of addressing the low C¢ issue associated
with rotor vectorization is emphasizes.

2) A new concept of a coupled vector power system is
proposed, establishing a coupling relationship between a
single vector underwater propeller and the vector birotor
system. It offers a compact and highly integrated solution
for the multimodal motion capabilities.

3) Anaerial-aquatic robot based on the coupled vector power
system is developed to address the issue of uncontrollable
mobility angles when underwater using a low C config-
uration in vector control.

The rest of this article is organized as follows. Section II
describes the overall structure and hardware system design of
the robot. Section III presents the robot’s kinematic and dynamic
modeling. Section IV elaborates on the coupled vector power
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Fig. 2. (a) Overall configuration. (b) Electronic hardware diagram.

system’s control performance and motion characteristics testing.
Section V validates the designed robot’s underwater linear mo-
tion and multimedium motion capabilities. Finally, Section VI
concludes this article.

II. PROTOTYPE ROBOT DESIGN
A. Configuration

The robot has a cross-shaped configuration, with the fuselage
arranged longitudinally with a waterproof sealed compartment,
as shown in Fig. 2(a). Along the left and right sides of the main
airframe, vector birotor power systems, with a wheelbase of
500 mm are mounted and expressed as /. A vector underwa-
ter propeller is installed at the rear structure, constituting an
aerial-aquatic robot based on the coupled vector power system.
The maximum dimensions of the robot are constrained within
574 mm x 422 mm x 180 mm (length x width x height), with
a total mass of 1.8 kg.

For the buoyancy design of the robot, the buoyancy blocks
of equal buoyancy size are placed at the rear of the robot.
These blocks are made of rigid polyurethane foams, enabling
the generation of slight positive buoyancy. Therefore, the center
of buoyancy (Cp) is aligned slightly above the C;. When the
robot is floating on the water surface, it remains in a completely
stationary state. By applying the 100 g counterweight, the robot
can achieve approximate neutral buoyancy.

The vector tilting mechanism of the robot is crucial for the
structure. The coupler in the vector tilting mechanism and
the servo horn of the tilting servo motor are connected to a
15 mm hollow carbon rod, endowing the servo motor with a
wide angular range of movement around the arm. The testing
results demonstrate that the design can achieve a tilting range
of 350° for vector rotors and 250° for the underwater propeller,
greatly enhancing the flexibility of the power system and the
controllability under manual operation.

The coupled vector power system consists of two T-MOTOR
F60PROV 1750 kV brushless motors, a pair of GEMFAN 51466
V2 rotor blades, one 500 kV underwater brushless motor, a
60 mm diameter underwater propeller, and three GDW RS0708
270° servos. Given operations of the coupled vector power
system in two different environments, waterproofing becomes
markedly critical. For the brushless motors, only KAFUTER 704
sealant is applied at their wiring connections. Two waterproofing
methods are employed for different internal components of the
vector tilting servos. HOTOLUBE fully synthetic lubricating
silicone grease is applied to the metal gear set at the top of the
servo motor to prevent water ingress. Additionally, KAFUTER
704 sealant is deployed to seal the gap between the circuit control
board at the bottom and outer shell of the servo motor, ensuring
complete water prevention for the electronic circuitry system.

B. Avionics

In addition to the brushless motors and servos that come into
direct contact with both media, all other electronic components
and control boards are arranged inside the body. This is achieved
through a transparent waterproof sealed compartment design,
measuring 70 mm in diameter. Wiring from the rear of the body
is sealed with epoxy resin. The electronic hardware framework
is shown in the, as shown in Fig. 2(b). Due to the significant
variation in power output among different components during
operation, we have separated the voltage input sources for the
robot. The GREPOW 6S 1300 mAh 75C and DUALSKY 2S
400 mAh 30C have been chosen to independently supply power
to high-power components such as brushless motors and elec-
tronic speed controllers, as well as low-power components such
as servos and control boards.

As the core of the control system, the flight controller board
(MATEK H743 V3) is equipped with various sensors. It also
receives signals from data transmission and the receiver, and
outputs pulsewidth modulation (PWM) signals. Moreover, it is
connected to the LR90OM data transmission radio via serial port
to adjust the robot’s relevant motion parameters in real-time. For
receiver selection, the Arkbird 433 MHz communication module
is chosen to enhance communication capabilities across water
surface. Additionally, in underwater mode, depth information
of the robot’s location often cannot be updated in real-time
and displayed on the upper computer interface. Therefore, the
STM32F103C8T6 system board is selected as the expansion
board for the robot, which is connected to the MS5837 depth
sensor and a depth information serial port board. It is combined
with the WH-L1020-L-P LoRa wireless communication module
to reduce the update delay time of depth information and allow
for real-time display of depth information changes.

I1l. MODELING
A. Coordinate Definition

To study the six degrees of freedom motion of the
aerial-aquatic robot, both ground coordinate system R, :
{O¢, Te,Ye, 2.} and the body coordinate system Ry :
{Op, xp, yp, 2p } are introduced. The orientation of R, follows
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Fig. 3.

Definition of coordinate system, C and Cs.

the “North-East-Down” convention, as illustrated in Fig. 3(a).
The O, is fixed at a point on the water-air interface. The
gravitational acceleration g = 9.8 m/s” aligns with the positive
direction of the z.. R, is fixed to the robot, with its Oy, coinciding
with Cg. The x; points towards the front of the robot, the
zp orients vertically downward and perpendicular to the plane
of the body, and the y; points to the right and parallel to the
direction of the arms. R is defined as the rotation matrix that
represents the transformation from Ry, to R.., wheres(.), ¢(.)and
t(s) correspond to sin(.), cos(.)and tan(.), respectively, as
follows:

ey cpslsp — shep  chsbed + siso
R; = |clsyp sysOsp+ cipep  sipsbep — cpsop| . (1)
—s¢ spcd coch

B. Rigid Body Model of the Robot

1) Positive Buoyancy: To avoid the potential of the rotor’s
contact with water surface at high speeds during cross-medium
motion, the robot is designed with slight positive buoyancy,
mirrored by p;, which represents the density of the operational
medium. When j = 1, it refers to air, and the condition of j = 2
indicates water. C'i is located below the intersection of the
vector birotor arm plane and the symmetrical plane of the arm
and space at h from the center of the arm, to enhance flight
stability. Additionally, C'¢ and the force application point of
the tail rotor are collinear, with a spacing of d, to improve the
underwater motion control of the robot. Cp is slightly higher
than C¢, as shown in Fig. 3(b). The coordinate of C' is denoted
as P% = [0 0 — zp]". The restoring force F'’, and restoring
moment TZ,, generated by the robot can be represented as
~R{T(F% + F%) and —PY% x R{TF%,.

2) Dynamics Model: In R, the position vector P°¢ =
[z y 2" and attitude vector ®° = [¢ 6 ]” are defined,
where ¢, 0, and ware the roll, pitch, and yaw angles of the
robot, respectively. In R, the velocity vector v = [u v w]”
and the angular velocity vector w’ = [p ¢ r]T are deter-
mined. The robot is modeled as a symmetric rigid body for
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dynamics. The robot is influenced by a range of factors,
including gravity F, buoyancy Fg, thrust ) . Ff and torque
D T®, from rotors and underwater propellers, added mass
effects, fluid damping, as well as uncertain forces F'§ and
torques TZ. i =1, 2, 3 represent the motor serial numbers
on the left side, right side, and tail of the robot, respectively.
According to the Newton-Euler equations, the general form of
the dynamic equations is described as (2) (3) shown at the bottom
of the next page,where M ,,, and J,, represent the mass matrix
and the rotational inertia matrix with respect to the coordinate
axes. The robot is perfectly symmetric in the plane xy0p2yp,
roughly symmetric in the plane y,op2, and xp0pyp, and Oy
coincides with the C. The inertia matrix M ; can be represented
as M = diag[M,,,J ] = diagm,m,m, I3, I,,,I..]. By
ignoring the added mass effects caused by air on the robot, the
added mass matrix M , and the added inertia matrix J, are de-
noted as M, = diag[Xy,Ys, Zyland J, = diag[X;, Yy, Z5],
respectively. Due to the presence of fluid viscosity, the drag coef-
ficient and the drag torque coefficient are represented as Dy =
diag[Xjup; Yool Zwjw] and Dy = diag[ Xy, Yoiq), Zyir]-

Additionally, a coefficient k defines the robot’s operating
medium. In the water-entry state, with only a small portion of
its top above water, the robot is considered fully submerged
(k = 1). Since the rotor plane is above the water surface, the
water-exit motion consists of the partial contact phase (0<k<1)
and the full detachment phase (k = 0). Considering the effects
of water viscosity and added mass, a multiphase flow model is
established, with the simulation results shown in Fig. 4(a) and
4(b). Although the robot maintains control under disturbances,
significant water surface depression and splashing induce peri-
odic oscillations in yaw and pitch degrees of freedom. Therefore,
the multimedium motion controller should be designed to ensure
stable control across different motion modes and effectively
mitigate disturbances.

C. Controller

The control algorithm of the robot is derived according to the
Ardupilot firmware, and the controller framework is shown in
Fig. 4(c). The position controller receives the desired position
P, from the multimedium motion controller and solves for the
desired roll angle ¢4 and pitch angle 6, as inputs to the attitude
controller. The attitude controller outputs the desired moments
T ;, and T' 4, in aerial and underwater modes based on the ¢4 and
04 from the position controller and the desired yaw angle v»4 from
the multimedium motion controller. Subsequently, these output
angles are transmitted to the control allocator. Concurrently, the
control allocator receives the desired forces Fy,, and F 4, from
the position controller, thus allocating the desired rotational
speeds ng;, and desired tilt angles ag4;and 54 to the coupled
vector power system, enabling precise control of motor and
servo outputs. Finally, the robot utilizes sensors embedded in
the main control module to obtain ®¢, w®, P¢, and v*, which
are transmitted to the attitude controller and position controller
to complete the control loop.

Given the necessary capacities to transit seamlessly between
two media and maintain underwater maneuverability, the control
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allocation is critical in controller framework, due to its direct
impact on the coupled vector power system. We define the tilt
angle of the rotor as «; and the tilt angle of the underwater
propeller as . h is the distance from Cg to the center of
the robotic arm, and d is the distance from C¢ to the thrust
application point of the underwater propeller. Moreover, the
initial position of the tilt angle is determined as 0° along the
positive x;, as marked by the dashed lines in Fig. 4(c).

In the aerial mode, the tail underwater propeller remains fixed
and stationary, and the vector rotors on both sides generate thrust
and torque. In the water-exit motion, the rotor plane remains
consistently above the water surface to ensure efficiency and
stability. Accordingly, the control allocation for thrust and torque
in aerial flight and water-exit motion is consistent, as shown in
(4). Here, F,,, 14,1y, and T, , represent the lift and the control
moments around x, y, and z axes, respectively, as follows:

-1 0 —1 0 F - sinog F,.
/2 0 =1/2 0 Fy-cosar| | Tuw @)
0 -—h 0 —h F, - sinap Thy
0 1/2 0 —1/2| | P> - cos T

In underwater motion, the vector rotors and underwater pro-
peller work together to create a coupled vector power system,
producing forces and moments 7, =[F',, TU]T.FU and T, are
composed of force components F,,,, F,,, and F),, in x-, y-, and
z-directions, as well as the moment components T,,,T%,,, and
T The control variables for rotors and an underwater propeller
constitute generated thrust, expressed as F' =[F| F, F3]T.
The tilt angles «, an, and 3 are constant. The system outputs
of forces and moments are as follows:

Foz cos cos ap cos 3
Fuy . 0 . 0 .0 F
F.. sin ay sin ap sin 3
Tu=— = - 1 . F2 :BzF
Tow ssina;  —3sina; 0 I
. 3
Ty —hcosay —hcosap dsinf
Tos % cosqay — Lcos %) 0

(5)
where B, is the thrust allocation matrix, determined by the
arrangement of the coupled vector power system. To allocate the
desired output forces and moments 7 g, =[F g, Tdu]T to each
actuator, the generalized inverse matrix method is introduced
and expressed as

where Bj is the generalized inverse control distribution matrix.
This result allows for determining the final thrust magnitude of
the coupled vector power system during underwater motion.

IV. COUPLED VECTOR POWER SYSTEM
A. Consideration of Power System

Vectorizing the multirotor power system to effectively oper-
ate both media is an innovative solution. Notably, underwater
motion cannot be achieved solely with two sets of vector rotors
for a robot equipped with vector birotors as a flight platform.
This is attributed to the specific distance between the robot’s
C¢ and the force application plane of the rotors, which provides
the necessary control torque for aerial mode. Nevertheless, the
torque generated by this low C'i design prevents the robot from
exclusive reliance on a single vector birotor power system to
achieve fixed-angle motion underwater. Specifically, when the
two rotors tilt and rotate underwater, the low C¢ configuration
creates substantial moments 77 and 75 about C'g, as shown in
Fig. 4(d).

To avoid the introduction of excessive underwater thrusters
for underwater motion control, we incorporate only one single
vector underwater propeller at the rear of the robot, generating
T3 in the opposite direction. With this incorporation, a coupled
relationship with the vector birotors is developed, thereby ad-
dressing the critical issue of force and torque imbalance during
underwater motion. The overall force and torque are illustrated
in Fig. 4(d), with the expression as (7) shown at the bottom of
the next page. I, I, I, Ty, T, and T, represent the forces
and moments acting on the robot in the x-, y-, and z-directions
during the underwater motion state.

During fixed-angle motion, the angular accelerations around
the x, y, and z axes should all be zero. Along the x-axis, the
motion should be uniform or uniformly accelerated, while the
acceleration along the z-axis should remain as constant as possi-
ble during fixed-angle motion to minimize the impact of angular
acceleration, thereby ensuring force and moment balance. It
should be noted that we coordinate the thrust magnitude and tilt
angle of the vector rotors on both sides when submerged to avoid
the generation of additional torque that potentially affects the
target angle motion. During operation, the underwater propeller
generates a counter torque around z,.This effect is disregarded
as the underwater propeller can generate the required thrust
for the system at low rotational speeds, resulting in minimal

F,= Bftg4, (6) torqueinfluence. Although employing rotors presents a potential
R;Y F! - R;"(FG+ Fg) + (M, — kM,)p’
i
— (M, — kM )V’] x w® — kDyu? V0| + FS =m - 0P )

ST+ T~ Py x RYTFG + (i — ko)’ + (kM) x v
% A

— [(Jm*

kdo)w'] x w’ — kD jw’ |w| + T = J%" + w’ x (J'w”) 3)
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alternative to balance the small torque generated by the under-
water propeller, it increases the instability of the robot during
fixed-angle motion. On this basis, the solution of (7) can be
further simplified as T}, = 0, resulting in the relationship among
0, F], Fz, and F3

2hF cosa) — dFssin 3
z2pFp '

sinf =

®)

For the desired motion angle, F; and F5 are obtained
from different throttle values and thrust combinations tested in
Section IV-B. F is determined to ensure that the rotor maintains
efficient force output within a reasonable range. Furthermore, o
is determined based on the motion angle to derive the relation-
ship between I3 and .

B. Single Vector Power System

The coupling point ensures that the vector rotors output
control force and torque consistently in water and air. Through
performance testing of the rotor and underwater propeller in
different mediums, the variation patterns of different throttle and
thrust output value are obtained, establishing a mutual mapping
relationship between throttle output values, PWM signal values,
and thrust output values to enhance the stability of vector rotors
during continuous underwater operation.

However, due to water resistance, rotor blades rotating un-
derwater fail to exhibit the high rotational speed characteristics
consistent with the motion in the air [6], [25], and are susceptible
to problems such as reduced power efficiency and overload.
For this consideration, testing the force and power of a single
rotor and underwater propeller in different media necessitated to
verify the realizability of the coupled vector power system. The

(a) Partial contact phase(0<k<1). (b) Full detachment phase (k = 0). (c) Controller framework. (d) Analysis with and without coupled
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Fig. 5.
peller.

Force and power tests of a single rotor and underwater pro-

underwater motion control by a separate vector birotor power
system also needs testing to illustrate the necessity of a coupled
vector power system.

The system test platform is presented in Fig. 5. Specifically,
the force sensor allows for the real-time monitoring of power
system’s current, voltage, and power generated, and its axial
direction coincides with that of the thrust generated by the power
system.

The results for the rotor in air and underwater propeller in
water exhibit a roughly linear growth in the corresponding
medium. Moreover, the underwater propeller can produce stable
thrust at low power, and the rotor generates high thrust at fast
speed.

F, = (Fg— Fp)-sinf+ Fy -cosa; + F, - cosay + F3 - cos f — F
F,=0

F, = (Fg — Fp)-cosf + F;

T, = %(Fl ssinay; — Fy - sinag) + Tes
—h(Fy-cosay + Fy-cosap) + Fs-sinf8-d+ zpFpsind

T,

y =

-sinag + F5 -sinap + F3 - sin 3

(N

T, = %(Fl ssinay — F; - sinag).
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Regarding the rotor performance underwater, the growth rate
of the generated thrust is lower than that of power with the
increasing percentage of throttle in steps. When the percentage
rises to approximately 50%, the rotor generates more power
and produces a current approaching the maximum continuous
current imposed by the ESC. In the case of 10% operating
throttle at a reduced rotational speed, the average thrust and
power generated are 5.06 N and 73.2 W, respectively. This out-
come verifies the feasibility of the five-inch rotor in underwater
motion. Therefore, in order to avoid the phenomena such as
low force efficiency due to the excessive power generated by the
rotor rotating underwater, the maximum output range of the rotor
underwater is controlled within 20% throttle primarily around
10% throttle.

Finally, we tested the motion of the separate vector birotors
in pools at different depths. At 40 cm water depth, the robot
quickly contacts the bottom in only about 1 s, and the pitch
angle gradually increases during motion. In addition, the robot
develops attitude inversion in the low C¢ configuration within
2 sin a pool at 1.2 m depth, as shown in Fig. 4(d). The existence
of T and 75 will increase the pitch angle to 90° in a fairly short
period, suppressing subsequent underwater motion of the robot.
For this reason, the balance of the total moment of the fuselage
around the Y-axis, i.e., the pitch moment, is critical during the
fixed-angle motion underwater.

C. Coupled Vector Power System

For a robot floating on the water surface, the key to accom-
plishing further underwater motion lies in stable and control-
lable fixed-angle motion. Based on the equilibrium analysis
of forces and moments in Section IV-A and the test results
of different power systems in Section IV-B, the fixed-angle
motion underwater is evaluated in a swimming pool with a depth
range of 0.7-1.2 m to validate the effect of the coupled vector
power system. The maximum motion time for the robot to dive
from the water surface to the bottom is about 2.8 s constrained
by the experimental depth range. Despite such limitation, this
test environment allows for evaluating the effectiveness of the
robot’s control of a fixed angle. We analyze the attitude change
information of pitch angle, acceleration along z;(Acc-z;), and
angular rate around y,(Angular rate-y;) of the robot using the
IMU and log storage module of flight control board. The fixed-
angle motion underwater is categorized into small-angle (0-30°)
and large-angle (45-60°) motion and is tested experimentally,
as illustrated in Fig. 6(a).

In the experiment of small-angle motion, nine groups of data
are obtained, and the average sailing angles are —2.7°, —6.39°,
—9.36°, —11.76°, —14.46°, —16.63°, —19.82°, —23.21°, and
—26.25°. The angle alternations can be controlled at about three
degrees, realizing the fine control of small-angle motion. Small-
angle motions enable the robot to maintain fixed-angle motions
for 1.1-2.8 s, which is 39—-100% of the motion time. From the
analysis in Fig. 6(b), the robot undergoes a sudden change in
the angular rate from positive to negative upon receiving the
command. This is attributed to the tip portion of the rotor is
exposed to the water surface in the tilting attitude, which prevents

(b) -2.78° -6.39° -9.36°

-11.76° -14.46° -16.63°
—-19.82° —— -23.21° —— -26.25°
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Fig. 6. (a) Fixed-angle motion underwater includes small-angle and
large-angle motions. (b) Experimental testing of underwater fixed-angle
motion under the coupled vector power system.

the thrust from reaching its maximum value and makes the robot
unstable upon moving. Furthermore, at the starting moment, the
underwater propeller responds faster than the rotor to generate
thrust responsible for stabilization. When the robot is completely
submerged, attaining the established small-angle motion state
needs a specific time interval. With the balanced control of the
forces and moments, the Angular rate-y; applied to the robot
can be stabilized at approximately 0 °/s.

For the large-angle motion underwater experiment, six groups
of underwater sailing motions with different fixed angles are
investigated, and the average sailing angles include —46.97°,
—48.5°, —50.39°, —53.07°, —54.83°, and —58.44°. As aresult,
a certain gradient change in the motion angle can be attained in
the large-angle motion. However, the tilting angle of the vector
birotors in the large-angle motion is increased to achieve the
established motion angle. Furthermore, the force arm generated
by the rotors is shortened, increasing the rotor rotational speed
for improved thrust. Such improvement promotes the achieve-
ment of the balanced control of the forces and moments exerted
on the robot. However, increasing the thrust generated by the
rotor underwater is not ideal. The accuracy of the coupled vector
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power system’s control of the Angular rate-y; is greatly reduced
due to the shortening of the force arm and the accompanying
increase in generated power.

As a result, fifteen sets of motion data for fixed-angle sailing
are acquired for the experiment, on water entry angles ranging
from 0-60°. Among them, stable underwater motion is achieved
primarily in the pitch angle range between 0 and -30°, and the
most stable motion occurs with an approximately horizontal
attitude. Although the motion control accuracy of the coupled
vector power system on the robot gradually decreases with the
increasing motion angle, the robot does not roll and flip over in
the experimental test.

In addition to the fixed-angle motion control of the cou-
pled vector power system, the robot is designed to be slightly
positively buoyant, with C'p adjusted to a close proximity to
C'c. However, when a robot collides with an unknown obstacle
underwater, the body may flip over due to the attitude deviation.
The inverted attitude state can be corrected with the vector tilting
capability of the coupled vector power system. The attitude
correction motion of the robot is demonstrated in Fig. 7(a)
and (c). Furthermore, with the yaw moment of the vector dual
rotor, the robot can realize its 360° planar rotation on the water
surface, as shown in Fig. 7(b) and (d). After continuous rotation
tests, the center of rotation did not deviate substantially from the
initial position. The active correction motion and planar rotation
motion further enhance the abilities to move and adjust on the
water surface.

V. EXPERIMENTS
A. Motion Patterns and Strategies

The robot’s motion modes include aerial flight, surface float-
ing, vertical dive, underwater fixed-angle motion, active uplift,
cross-medium motion, planar rotation, and attitude correction,
among others. Among these, vertical dive, small-angle motion,
and active uplift are represented by downward, diagonally down-
ward to the right, and upward arrow symbols, respectively, as
shown in Fig. 8. These various motion modes can not only be
partially combined to enhance underwater motion capabilities,
as shown in Fig. 8, but also combined to form a comprehensive
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Fig. 8. Experimental test of underwater linear motion. (a) and (b)
Continuous stepwise motions. (c) Interrupted stepwise motions.

air-water-air multimodal motion strategy, as shown in Figs. 1
and 9.

During aerial and emergence motion, the servo tilt angles on
both sides and the thrust output from the brushless motors work
in coordination to enable motion across six degrees of freedom.
In underwater motion, the coupled output of the vector rotor and
vector underwater propeller enables linear underwater motion.
Based on the analysis in Section I'V, the most stable vertical dive
state is considered the initial state for underwater motion. Once
the robot reaches a position below the water surface, a stepwise
underwater motion is initiated. The stepwise motion ensures
continuous vector tilt angles, thereby guaranteeing controllable
motion angles and is defined as the formation of continuous
and controllable underwater motion capabilities through any
combination of the robot’s underwater motion modes.

B. Underwater Linear Motion

Despite the ability to enter underwater smoothly with a
horizontal attitude, the robot exhibits various motion stabil-
ity degrees across different combinations in stepwise motion,
justifying the need to reasonably arrange the motion states
operated by the coupled vector system.
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First, the underwater linear motion is achieved by the “vertical
dive-small angle motion-active uplift” configuration. Specif-
ically, three executions of this configuration enable approxi-
mately a 200 cm range of the linear motion within 11 s. From
Fig. 8(a), it can be found that the change in the pitch angle of
the robot is consistent with that of the diving depth, and the
fluctuation range of the roll angle and the yaw angle is small.
Moreover, the actual linear trajectory coincides with the desired
one, indicating a better capability of underwater linear motion.

Second, based on the combination of “vertical dive-small
angle motion-active uplift”, the second combination can be
designed by employing the vertical dive movement state as the
connection point, i.e., “vertical dive-small angle motion-vertical
dive-active uplift”. We superimpose these two combinations to
form the stepwise motion, as shown in Fig. 8(b). During another
switch from small-angle motion to vertical downward motion,
its roll degree of freedom oscillates. The main reason is that
both birotors continue to output forces and moments during the
robot’s tilting, aggravating the roll fluctuation in small-angle
motion. Furthermore, due to the pitch angle at a certain angle to
the horizontal attitude during active uplift, this pitch angle cannot
reach the horizontal attitude of the first two dive movements
during the third consecutive vertical dive motion, further affect-
ing the roll and yaw angles. Consequently, the actual trajectory
displays an angular error of about 10° drifting from the linear
desired trajectory.

Similarly, the motion strategy involving the vertical dive
motion state as the connection point is adopted, constituting the
third combination of “vertical dive-small angle motion-vertical
dive-small angle motion-active uplift”. The need to avoid the
fluctuation of pitch angle during the transition from active uplift
to vertical dive and reduce the roll angle oscillation arising
from the motion state is considered. To fulfill these purposes,
the active uplift motion is extended until the robot’s emergence
above the water surface, as shown in Fig. 8(c). Compared to the
second combination, the robot exhibits improved control of roll
degrees of freedom in two consecutive vertical dives. Moreover,
the two consecutive small-angle motions rapidly increase the
underwater motion depth, demonstrating better control of the

coupled vector power system for the pitch angle in a limited
depth of 40 cm. In addition, the robot surfaces and enters an
unpowered floating state, and the yaw direction is disturbed due
to the roll fluctuation in the active uplift motion and the pool wa-
ter flow. The resulting linear trajectory exhibits an approximately
20° angle with the desired linear trajectory. Finally, the floating
robot can utilize other combinations for further underwater
linear motion after performing the third combination.

C. Multimedium Motion

An outdoor river is selected to test the cross-medium and
single-medium motion performance. Specifically, aerial flight
(denoted by orange shading), underwater and surface motion
(green shading), attitude correction (gray shading), and cross-
medium motions (yellow shading) are explored experimentally,
as shown in Fig. 9.

First, the robot takes off from the shore and lands on the
water surface, realizing the air-to-water conversion. Second,
the robot enters the water at 15.5 s and performs a set of
“vertical dive-active uplift” motions. Due to the oscillating water
surface after the robot’s landing, the initial attitude during the
vertical dive motion is not completely horizontal, instead, it
is in a fluctuating state. Despite such an influence, the active
uplift motion can quickly restore the smooth attitude of the
robot, as shown in Fig. 9. At 19.8 s, during the first continuous
stepwise movement of “vertical dive-small angle motion-active
uplift,” the robot is interfered by unknown obstacles during the
fixed-angle motion. This interference arises from the presence of
many obstacles and the undetectable environment underwater.
As a result, an abrupt variation occurs in the rate of change in
pitch angle, followed by a 180-degree flip-over in the direction
of roll, and the robot emerges above the surface at 28.88 s. With
the coupled vector power system, the robot can achieve attitude
correction and recover to a floating state on the water surface at
47.1 s. After resuming the floating state, it repeats the combined
motion of “vertical dive - active uplift,” performs a short-distance
straight-line motion on the water surface, and connects again to
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the continuous stepped motion of “vertical dive - fixed-angle
motion - active uplift.”

Finally, under the output control of the vector birotors, the
robot performs the water-to-air conversion motion at 73 s, with
complete detachment and subsequent flight at 79.1 s. During
the water exit process, consistent with the simulation results,
as shown in Fig. 4(a), oscillations occur in the pitch and yaw
degrees of freedom. However, the robot effectively handles
disturbances during the transition. After detaching from the
water surface, the robot is able to maintain favorable attitude
control and successfully transition to free-flight motion.

VI. CONCLUSION

In this article, the importance of addressing low C¢ issue
associated with rotor vectorization is emphasized. Additionally,
a novel concept of coupled vector power system is proposed
and employed to develop an aerial-aquatic robot. The system
introduces only a single vector underwater propeller at the rear
of the vector birotors’ flight platform, and couples it with the
vector birotors for output control. To reduce the power system’s
complexity and improve the control integration of the robot,
the coupled vector power system takes full advantage of the
vector control available in the flight platforms and integrates
the motion performances of the two different power systems
in respective medium. This presents an effective solution to
the problems of force and moment imbalance in underwater
motion of aerial-aquatic robots with transverse dual rotors in low
C¢ configurations. Based on considerable experimental tests
in indoor pool and outdoor river scenarios, the aerial-aquatic
robot built upon the proposed concept has the ability to oper-
ate stably along the target angle, with the controllable angle
covering the range of 0-60°, and to realize the fine control
of the angle of about three degrees. Moreover, through the
combination of arbitrary motion states operated by the coupled
vector power system, the robot can perform three combinations
of stepwise underwater linear motions. Finally, the aerial-aquatic
robot based on the coupled vector power system implements
single-medium and cross-medium motions within an outdoor
river, verifying the reasonableness and feasibility of the overall
design, power system, and control scheme of the system.

In follow-up research, influencing factors (water current dis-
turbance and water depth variation) and more robust adaptive
controllers should be introduced to optimize the coupled vector
power system, thereby achieving more accurately and flexibly
control over the underwater motion. Moreover, the coupled vec-
tor power system has great potential in the medium conversion,
opening a new avenue for cross-medium motions.
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