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Abstract: This paper presents a study on controlling the out-of-water motion of amphibious multi-
rotor UAVs using a cascade control method based on the Active Disturbance Rejection Control
(ADRC) algorithm. The aim is to overcome the challenges of time-varying model parameters and
complex external disturbances. The research involves developing an underwater dynamic model and
analyzing hydrodynamic forces to calculate theoretical inertial hydrodynamic forces and simulate
viscous hydrodynamic forces. This establishes the relationship between viscous hydrodynamic forces
and exit velocity. A complete air dynamic model is then established, selecting model parameters
based on the center of mass position of the amphibious vehicle to enable switching from water to air.
To address control algorithm instability caused by changes in model parameters, position and attitude
controllers are built using the ADRC algorithm. The control effects are compared with traditional PID
and sliding mode controllers (SMC) to verify the effectiveness and superiority of the proposed cascade
ADRC control strategy. Experimental results show that our controller has stronger anti-interference
than traditional PID and SMC controllers and can overcome control instability caused by changes
in model parameters. Our research highlights the importance of using ADRC-based controllers for

ek amphibious multi-rotor UAVs to achieve robust and stable control.
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As a new type of robot, the amphibious multi-rotor UAV offers groundbreaking advan-
Academic Editor: Antonella Petrillo tages over traditional UAVs and single-medium robots as they can operate continuously
across multiple scenarios [1-4], making them a research hotspot in various countries [5-8].
However, they face the challenge of spanning different mediums and coping with the
physical differences between water and air, as well as the interference of external factors
such as water flow, wind, and waves. These changes can lead to variations in control
model parameters. Traditional cross-medium control methods have low robustness and
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® have difficulty in maintaining system stability when encountering complex environments,
leading to cross-medium failure.
Copyright: © 2023 by the authors. The cross-media technology of amphibious multi-rotor UAVs is a key area of re-

Licensee MDPIL Basel, Switzerland.  S€arch, and numerous scholars have made significant contributions to this field. In 2014,
This article is an open access artice ~ DTe€WSs et al. [9] proposed a two-stage approach to the spanning process, dividing it into air-
distributed under the terms and ~ borne and underwater phases, and designed a corresponding dynamics model. They also
conditions of the Creative Commons  established a simulation control system using a PD controller and verified the feasibility
Attribution (CC BY) license (https://  Of their approach. In 2015, Neto et al. [10] proposed a switching approach to cross-media
creativecommons.org/licenses /by / control, with separate robust controllers for air and underwater media. However, their
40/).

Appl. Sci. 2023, 13, 4900. https:/ /doi.org/10.3390/app13084900 https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13084900
https://doi.org/10.3390/app13084900
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-4414-1484
https://doi.org/10.3390/app13084900
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13084900?type=check_update&version=2

Appl. Sci. 2023, 13, 4900

20f18

method did not consider the variation in added mass and float, leading to limitations in
seamless cross-media control.

In 2015, Yu Z et al. [11] designed a physical model of a symmetric cylindrical vehicle
for an amphibious trans-media vehicle and investigated the underwater dynamics of
the vehicle. In 2016, Siddall [12] and others, inspired by birds, invented a deformable
winged aircraft that can dive from the air into the water and verified its feasibility through
experiments. In 2016, Qi et al. [13] developed a power system with independent air and
water thrusters using ADRC technology to achieve attitude and altitude control during
water entry. The results of the study show that the controller has better control performance
than the traditional PID controller.

In 2018, Ma et al. [14] designed and experimentally validated an adaptive sliding mode
controller to reduce the effect of parameter uncertainty on aircraft stability. In 2018, Mercado
Diego et al. [15] designed a hybrid controller for the trajectory tracking of an air-submerged
motion system for an air—air amphibious multi-rotor vehicle based on the hybrid control
system concept, and experiments confirmed that the hybrid controller can effectively
accomplish trajectory tracking. In 2019, Zha et al. [16] introduced a small unmanned
underwater vehicle (UUAV) similar to the conventional quadcopter and proposed a strategy
to break the calm water surface. However, the paper clarifies the point that further analysis
of underwater dynamics in submerged and transition states should be carried out.

In 2020, Qimin Yan et al. [17] designed a PID controller based on an RBF neural network
with real-time rectification parameters for trans-media vehicles, achieving better robustness
in attitude angle control than the traditional PID controller. In 2021, Shuo Zhang et al. [18]
designed an unmanned aircraft capable of rapid multiple transitions across media based
on the hybrid design concept for the interface media spanning problem and verified their
approach through experiments. In 2021, Chen et al. [19] designed a single-input FUZZY P
+ ID controller to stabilize air and underwater attitudes and achieve the seamless docking
of cross-media processes.

Most recently, in 2022, Ma et al. [20] developed a proportional-integral-derivative
(PID) controller based on a genetic algorithm (GA) and radial basis function (RBFNN)
based on the cross-media process of water—air vehicles and compared the performance of
the two controllers through simulations. More introductions and research on amphibious
robots and amphibious multi-rotor UAVs can be seen in the literature [21-23].

In the past decade, many scholars have conducted extensive research on the cross-
media problem of amphibious multi-rotor UAVs. However, most of these studies remain
at the simulation level, and only a few algorithms have been experimentally verified. At
present, there is no widely accepted and highly effective algorithm for the cross-media
operations of amphibious multi-rotor UAVs. Therefore, the research on cross-media con-
trollers of amphibious multi-rotor UAVs is of great significance. During the water—air
cross-media operations, the medium changes, resulting in changes in buoyancy and added
mass. Amphibious multi-rotor UAVs are also affected by the “water surface effect”, making
the design of a cross-media controller challenging.

Since amphibious multi-rotor UAVs are derived from multi-copters, their controller
design can refer to that of a multi-copter. Traditional control algorithms, such as ADRC,
SMC, fuzzy control, and PID, as well as their corresponding improved algorithms [24-26],
are often used in the control of quadrotor aircraft. In addition, machine learning methods
have recently become very popular in various fields, including quadrotor control [27-29]
where they have also been applied. Many studies have shown that ADRC has good
robustness in practical engineering, and its anti-interference ability is often superior to
SMC, fuzzy control, and PID control algorithms [30,31]. Additionally, there is currently
little evidence to suggest that the anti-interference ability of machine learning methods is
better than that of ADRC. Furthermore, relevant research on machine learning methods
is often still at the simulation stage. Therefore, this paper uses the ADRC algorithm to
carry out the cross-media control research, as it is expected to improve the robustness of
the control process.
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This paper introduces the ADRC control algorithm into the controller of amphibious
multi-rotor UAVSs, to improve the robustness of the cross-media process and to carry out
the preliminary attempt at cross-media control research. The main work of this paper is
based on the research of Wang et al. [32] and Li et al. [33], focusing on the analysis of the
viscous hydrodynamics that plays a major role in influencing the water exit process of the
UAV (physically as shown in Figure 1). A dynamic and kinematic model of an amphibious
multi-rotor UAV was established, and combined with the ADRC algorithm, a posture and
position cascade controller was built for the motion control of the water outlet process.
Compared with the control effect of conventional algorithms such as SMC and PID, the
superiority of the ADRC controller is proved.

Figure 1. Water and air amphibious multi-rotor UAV physical picture.

2. Dynamic and Kinematic Modeling

To facilitate the study of the dynamic and kinematic model of the amphibious multi-
rotor UAYV, this paper establishes a coordinate system as shown in Figure 2. E — {7{ is the
coordinate system consisting of a fixed coordinate system established on the horizontal
plane, and o — xyz is an airframe motion coordinate system fixed on the amphibious
multi-rotor UAV.

AZ

Water surface

Figure 2. Coordinate system.

First, to facilitate the analysis of the motion and forces on the amphibious multi-rotor
UAV, the following assumptions are made for the amphibious multi-rotor UAV under study.

(1) The amphibious multi-rotor aircraft can be regarded as a rigid body with uniformly
distributed mass and uniformly symmetric left and right.

(2) The center and center of gravity of the amphibious multi-rotor aircraft body
coincide with the origin of the body coordinate system.

(3) There is a constant acceleration of gravity, ignoring the impact of the rotor on the
surrounding airflow when the vehicle is in the air.
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(4) The flow velocity of the water where the UAV is located is zero and the fluid
is incompressible.

Second, before modeling, the symbols of physical quantities involved in this paper,
including linear and angular velocities in the motion coordinate system, forces, and mo-
ments, and positions, linear velocities, and Euler angles in the fixed coordinate system, are
defined as shown in Table 1.

Table 1. Amphibious multi-rotor vehicle state physical quantities.

Name Physical Meaning Name Physical Meaning
Position vectors in the coordinate system
T .
r=1&1,7] E—ént Y m Quality
Q=160 7" Pose vectors in coordinate system v Velocity of the center of gravity in
= [¢.0.9] E—-¢ne EG E — ¢n{ coordinate system
T The velocity vector at the origin o of the The velocity at o in E — {5{
V= lu,v,w) . VEO .
coordinate system o — xyz coordinate system
T Angular velocity vector of the vehicle in Total moment of momentum in
W =[p,q,1] L
P4 the coordinate system 0 — xyz 0 — xyz coordinate system

The combined external forces and
F=[XY,Z,K,M,N ]T moments acting on the vehicle in the Ly
coordinate system o — xyz

The moment of momentum of the
center of gravity with respect to o

The center of gravity of amphibious The moment of momentum of the

- cen : L hibi - . P
6 vehicle in coordinate system o — xyz G amp lb‘f;fl izzptelcl’;ottooz aircraft
The inertia matrix for a coordinate
Ig = I, I, IZ]T system whose origin is not at the center

of gravity

In a fixed coordinate system, according to the momentum theorem, the moment of
momentum of the aircraft’s center of mass can be expressed as

dUEG o
dt

M

where 7 is the total force of the external forces on the amphibious multi-rotor UAV in a
fixed coordinate system.

In addition, if the center of gravity of the amphibious multi-rotor UAV does not
coincide with the origin of the coordinate system, according to the moment of momentum
theorem, the moment of momentum of the rigid body to the point can be expressed as

Ly=rqgxH (2)

where, H is the momentum of the center of gravity G, H = mvgy + mw X rg. According
to the momentum moment theorem of rigid body, the total momentum moment of the
amphibious multi-rotor UAV can be expressed as

L =Lg+Ly
= Igw + rg X (Mvpp + mw X rg) (3)
= Iw + mougp X rg

Thus, according to the Newtonian Euler equation, it follows that

dL
=N (4)

where, N represents the total torque of UAV in the motion coordinate system.
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In the motion coordinate system, since the center of gravity of the UAV coincides with
the origin of the motion coordinate system,xg = 0, yg = 0, and zg = 0. The general equa-
tions of motion of the UAV with six degrees of freedom in space in the moving coordinate
system are obtained by calculating and simplifying according to Equations (1)—(4) and the
momentum and momentum moment derivation theorems [34].

m(u—or+wq) =X
m(v—wp+ur) =Y

m(w —uq+op) =272 5)
ILp+ (I, = Iy)qr = K

Lg+ (I —L)yrp=M

Lr+ (I, — It )pg = N

where I, I, and I, are the moments of inertia of the UAV in the three axes of the motion
coordinate system.

3. Motion Force Analysis

The description of the relevant physical quantities in this chapter is shown in Table 2.

Table 2. Description of related physical quantities.

Name Physical Meaning Name Physical Meaning

c Static force (moment) fc Gravity

Tp Thrust (moment) 1B Buoyancy

T Hydrodynamic force (moment) g The centez:oflz?rcl);l; nsc}}llsitzr;he motion

T Combined force (moment) l The dismn;i)?i)?i;g?:ﬁ;;;t:}fzs?;gin 0 of the

TA Inertial hydrodynamic force (moment) Kraa Thrust coefficient of air propeller

B Viscous hydrodynamic force (moment) Keaw Thrust coefficient of air propeller under water
n(i=1,...,6) Speed of the i-th propeller Kag Air propeller torque coefficient
mi(i=1,...,6) Added mass Kraw Torque coefficient of air propeller under water

Due to the need for a suitable and accurate force analysis of the amphibious multi-
rotor UAV, and considering that the working environment of the amphibious multi-rotor
UAV is variable and complex, this paper mainly considers the factors that play a major
role in the system performance: static force (moment) 7c, control force (moment) p,
and hydrodynamic force (moment) 7’. Under normal conditions, the total external force
(moment) on the amphibious multi-rotor UAV moving in the wateris T = ¢ + 1t + 7/,
where 1 is the static force (moment) consisting of gravity and buoyancy; p is the control
force (moment) including rotor lift; 7’ is the hydrodynamic force (moment) caused by the
motion of the amphibious multi-rotor UAV in the water. In this paper, it is stipulated that
the force model is judged according to the position of the center of mass of the aircraft.
When z > 0, the hydrodynamic force is ignored, and the static and dynamic models are
judged according to the positive and negative values of z.

3.1. Static Force (Moment) t¢

In the process of air motion, the static force on the vehicle is gravity, and the magnitude
is G = mg; in the process of underwater motion, the static forces include gravity f- and
buoyancy f5, where gravity is expressed as f; = [0,0, —m g% buoyancy is expressed as
f8=10,0, pgAv]T, where p is the fluid density in the basin, and Av is the amount of water

discharged by the drone.
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In the coordinate system E — ¢#{, the combined force on the drone is [0,0,B — G]T,
where G = mg, B = pgAv, and the center of gravity of the drone coincides with the origin
of the object coordinates. When the center of gravity of the vehicle does not coincide with
its floating center, the center of gravity and the center of buoyancy in the motion coordinate
system are given as 7 = [0,0, 0]" and r; = [0,0,25]", respectively.

Then the static force matrix (for the airframe coordinate system) on the UAV in a fixed
coordinate system can be obtained as

[ (G—B)sinf
—(G—B)cosfsing
—(G — B)cosfcos ¢

—zpBcosfsin g
—zgBsin6
0
Gsinf 6)
—G cos @ sin ¢
—GcosBcos ¢
0 ,
0
0

, (z<0)

Tc =

(z>0)

3.2. Thrust (Moment) Tp

The amphibious multi-rotor vehicle relies on its propulsion system for both underwater
and aerial movements, as shown in Figure 3, for the location distribution of its propellers
and the steering of its motors. The arrows in the figure point to the direction of rotation of
the motor, and the direction of thrust generated is parallel to the z axis.

Figure 3. Distribution of motors.

It is assumed that the propellers are fully submerged in a certain medium when the
vehicle is operating, and the effects of factors such as fluid flow are ignored. Air propellers
have also been shown to be effective in water [35]. The propeller thrust for any operating
condition can be estimated using the empirical equation [36], then the thrust F;; is

Fji = Kp].].pinzD]-‘L(i,j =4a, ZU) (7)

In the above equation, K F; denotes the thrust coefficient of the propeller [37], where the
subscripts j and i denote the type of propeller and the type of medium it is in, respectively.
For example, Kr,  denotes the propeller thrust coefficient used during the transition from
air to water for an amphibious multi-rotor UAV; 1 denotes the propeller speed, D; denotes
the diameter of different types of propellers.
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The propeller generates thrust through the rotating fluid, so the drive motor must
generate enough torque to achieve rotational motion. This paper uses DC brushless motors,
and their required drive torque can be calculated by the following empirical [17] formula:

Tji = Ky, pinDi°(i,j = a,w) ®)

In this equation, KT]_ . denotes the propeller moment coefficient [37]. Both thrust and

moment coefficients are related to the geometric parameters of the propeller and the
properties of the working medium and can be approximated empirically instead of in the
actual modeling calculations.

Let the propeller speed of the i propeller be n;, and the six propeller speeds be
ni, Ny, n3, ng, ns, ng, then the thrust generated by the vehicle propeller system and its mo-
ment can be obtained as

Xr =0

Yr=20

_— Yo fom
1cos60°[( f1 + f3) — (fa + fo)l+1(f2 — f5)

Isin60°[(f1+ fo) — (f3 + f4)]
(T1 +T3—|—T5) — (T2+T4+T6)

)

In this equation, i = a,w, f = Kpa,wpianDﬂ‘l, T, = KTa,wpinsz,JS, and
(m=1,2,3,4,5,6), where a, w represent the thrust (moment) coefficients used in the air
and underwater, respectively, and / represent the distance from the motor to the origin o of
the motion coordinate system, [ = 0.42m.

3.3. Hydrodynamic (Moment) T/

Under normal conditions, the hydrodynamic forces (moments) are influenced by the
physical characteristics, motion state, and fluid properties of the amphibious multi-rotor
vehicle. Assumptions:

v =G(u,v,w,p,q,1,1,00,p,4q,7) (10)

When the amphibious multi-rotor vehicle moves in water, it is subjected to hydro-
dynamic forces (moments) T’ generated by the water flow on the surface of the vehicle.
According to the principle of fluid dynamics, the hydrodynamic forces of the underwater
robot consist of inertial hydrodynamic forces (moments) 74 and viscous fluid hydrody-
namic forces (moments) 3. Among them, the inertial hydrodynamic force 74 is only
related to acceleration and angular acceleration, and the viscous hydrodynamic force 7p is
only related to velocity and angular velocity.

3.3.1. Inertial Hydrodynamic Force (Moment) 74

According to the theory of fluid inertial forces, the hydrodynamic force on an object of
any shape conducting non-constant motion in an ideal fluid, its magnitude is proportional
to the (angular) acceleration of the object, the direction is opposite to the direction of
acceleration, the proportionality constant is the added mass, the expression of inertial
hydrodynamic force [38] is

TAI—diﬂg( Xy Yy Zy Ky M Ni)'V (11)

After comprehensive consideration of the added mass, this paper approximates the
amphibious multi-rotor UAV as a cylinder by ignoring its arm and motor. The vehicle is
divided into strips based on the strip theory [39], and the two-dimensional hydrodynamic
derivative of each strip is calculated. The integration operation is then performed on the
two-dimensional hydrodynamic derivative to obtain the mass of the three-dimensional
additional term. The added mass is also calculated using the empirical equation [40]
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to determine the added mass generated by the amphibious multi-rotor UAV during the
underwater motion, which is expressed as

my = —0.1m

my = msz = —p;R*H

My =0 (12
Mmss = mee = — 75 p;R*H°

In this equation, m;; is the added mass in the i direction when moving with unit
(angular) acceleration in the i direction. R represents the radius of the bottom circle of
the cylindrical control chamber, and H represents the length of the side of the cylinder at
the control.

3.3.2. Viscous Hydrodynamic Force (Moment) 73

Due to fluid viscosity, the motion of a rigid body is also affected by viscous hy-
drodynamic forces 73, which are generated only with the velocity and angular velocity.
The viscous hydrodynamic 7 was obtained mainly by simulation. First, we consider
the error between the actual hydrodynamics and the calculated hydrodynamics as an
internal disturbance.

Then, the N-S equation together with the k — & mode is solved using an implicit
solver [41]. The flow field used in this paper is a rectangular parallel hexahedron of
sufficient size. The final computational domain is obtained by a Boolean operation between
the 3D model and the flow field. When the amphibious multi-rotor vehicle is moving slowly
underwater, it is assumed to move along the Z-axis at 0 — 1m/s. Through simulation, the
relationship between the velocity and the combined force (moment) along the Z direction
is shown in Table 3. Simulation tests show that when the amphibious multi-rotor vehicle
comes out of the water, only viscous hydrodynamic forces exist in the Z direction, while the
presence of forces and moments in other directions is negligible. Therefore, the relationship
between the fitted velocity w and the viscous hydrodynamic force p is

T = 37.6431 - w? + 0.3672 - w — 0.0271 (13)

Table 3. Viscous hydrodynamic moment test table.

Speed (m/s) X (N) Y(N) Z (N) K (N*xm) M (N*m) N (N*m)
0.1 —0.00034626 —0.00157796  0.39501 0.000368329 —0.00058171 0.00063545
0.2 —0.00353503 —0.0244471  1.54798  0.00116013  —0.00236987 0.00309158
0.3 0.000714899 —0.0484334  3.46933 0.00341651 —0.00486215 0.00592401
0.4 0.1179082 —0.109463 6.13351 0.0052411 —0.00950867 0.00688129
0.5 0.0392365  —0.183024  9.55917 0.0065315  —0.0149868  0.0164673
0.6 0.0541794 —0.268715 13.7434 0.0118391 —0.0206249  0.0269714
0.7 0.0988873  —0.344484  18.6816 0.0181143  —0.0289125  0.0298976
0.8 0.134385 —0.397333  24.3859 0.0283891  —0.0361443  0.0440083
0.9 0.126005 —0.610409 30.7818 0.0251821 —0.0526489  0.0636737
1.0 0.157797 —0.749914  37.9765 0.0347552  —0.0656979  0.0860169

4. Controller Design

Amphibious multi-rotor UAVs are subject to hydrodynamic and other factors when
moving underwater, which affects the stability of the controller. The disturbing factors
become more complicated when the out-of-water movement is performed. To improve the
anti-interference of the amphibious multi-rotor UAV, a cascade ADRC position and attitude
controller is designed in this paper in combination with the ADRC algorithm [42], and the
control block diagram is shown in Figure 4.



Appl. Sci. 2023, 13, 4900

90f18

Real-time position of the vehicle x,y,z

Xd | ux ¢ U1 >
Yd ADRC D led Water-air
> iti u | ecouple -
I:;i:tt:.(:):l - Complf)ting Roll Angle: ¢d L amphibious
7d . . A]?RC cross-media
—> Ly w» Attitude | U3 N multi-rotor
Control vehicle
Yaw Angle: yd > U4

?

Real-time attitude of the vehicle ¢,0,y

Figure 4. ADRC control block diagram.

In the outgoing process, it is assumed that dy is the amount of variation due to
buoyancy changes, dy, is the error between the actual hydrodynamic forces experienced and
the estimated hydrodynamic forces, and d is the amount of other external disturbances
experienced. Then, the external force (moment) applied in Equation (5) can be expressed as
Equation (14):

X=1x+ m'x + Tcx -I-de +dkx +4dix

Y =1y + 'y + Ty +dfy + dy +diy
Z=1z7+ Tz + 1z + dfz +dyz +diy

K = 1yk + Tk + Tk +de +dpg +dix
M=1Mm+ T'm+ Tem erfM +div + dim
N =1N + 7N+ TeN +di+de+le

(14)

The inner loop control includes pitch angle control, traverse angle control, and yaw
. T . . . T .
angle control, assuming that [¢y, 04, 4] is the given attitude angle and [¢, 6, 9] is the
actual attitude angle obtained by feedback. The ADRC attitude controller design is intro-
duced as an example of yaw angle control. Since the motion of the amphibious multi-rotor
UAV is a small-angle motion in an equilibrium attitude, the angular velocity [p, g, 7] T and
attitude angle [¢, 6, ¢ T can be approximated by the quasi-integral relationship. The yaw

angle control model is shown in Equation (15).

L gO(L —
(l):i(p (xI y)TpN+di+de+d1N (15)
Z

The ADRC arrangement transition process obtains the value of a given yaw angle ¢
from the outer ring.

X1 (k+1) = Xy1(k) + Ty - X12(k)
Xlz(k + 1) = Xlz(k) + T1 'fSt(el,Xlz(k), 1, h1) (16)
er = Xq1(k) — a(k)

In Equation (16), T; is the sampling time; rq is the factor that determines the tracking
speed; hy is the filtering factor, and fst(-) is the fast synthesis function of the second-order
discrete system. After the expansion state observer and the nonlinear error feedback, the
final control quantity is generated as in Equation (17).

e11 = X11(k) — Z11(k)

e = X1a(k) — Z12(k) (17)
uio(k) = Kyafal(err, w11, 910) + Kiofal(e1n, a12,019)

uy(k) = u1o(k) — Z13(k) /by
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In Equation (17), the dilated state observer of the ADRC obtains the observations
of yaw angles ¢ and 1]}, Z11, Z1p, and the system perturbations. Zi3, a1, &1, 619 is
the parameter of the nonlinear function fal(-); K11, Kj; is the controller gain parameter;
and b, is the output compensation factor. The complete ADRC formula can be found in
reference [43].

The position of the controller design is according to the amphibious multi-rotor UAV
ADRC attitude controller design method. In the E — ¢7{ coordinate system, the equation is
satisfied as in Equation (18).

= Up(sinf cos ¢ cos p+sin ¢psin )

¥ " + Wy
- Uy (sinf in §—si

_ U(sin Cosgbsg;l[; sin ¢ cos ¢) + ws (18)
5= W +g-— % + wg

In Equation (18), w; is the external disturbance to the amphibious multi-rotor UAV in
the E — ¢n{ coordinate system.

The external forces required to make the amphibious multi-rotor UAV reach the desired
position are F = [Ux, Uy, LIZ] T; 1y known and decoupled calculations are performed to
obtain the magnitude of the external forces and attitude required to reach the desired

position as in Equation (19).

u = \/m(ux2+ us2+(U. -2 +g)2)

¢c = arcsin [m(u" sin lp"’u; Uy cos ya) (19)
0, = arcsin [m(ux Cﬁl@gﬁ Sindu) ]

In Equation (19), ¢, and 6. are the calculated attitude sizes that the UAV needs to
achieve to reach the desired position. Therefore, after obtaining ¢. and 6., the design
process of yaw Angle controller is referred to. The controller of pitch Angle and roll Angle
is designed as Formulas (20) and (21):

Xo1 (k + 1) = Xn (k) + T - Xzz(k)

Xzz(k + 1) = Xzz(k) + Tz 'fSt(ez, X22(k),1’2, hz)

er = Xo1(k) — ¢e(k)

ea1 = Xo1(k) — Zo1 (k) (20)
e = Xp(k) — Zxn(k)

uzo (k) = Ky fal(ex1, a1, 020) + Koo fal(exn, a2, 020)

ua (k) = uao(k) — Z23(k) /b2

X31 (k + 1) = X531 (k) + T3 - X32(k>

Xao(k+1) = X3p(k) + Ts - fst(es, X32(k), 73, h3)

e3 = Xa1(k) — 0c(k)

e31 = X31(k) — Zz1(k) (21)
e = Xz (k) — Z3 (k)

uzg (k) = Kay fal(es1,a31,030) + Kzafal(es2, a3z, 030)

us (k) = uzo(k) — Zs3(k) /b3

Since the mathematical model of the amphibious multi-rotor UAV is similar to that of

ordinary quadcopters, the stability proof of the ADRC control system is similar to that in
the literature [43,44].

5. Experimental Results and Analysis

To validate the accuracy of the motion model of the amphibious multi-rotor UAV and
the effectiveness of the cascade ADRC position and attitude controller in the cross-media
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phase, a position and attitude controller was developed in this study using both the PID
algorithm and SMC (sliding mode control) algorithm [45,46].

In the PID and SMC controller building, the design method of the ADRC controller is
used, and the block diagram of the built cascade controller is similar to the block diagram
of the ADRC controller in Figure 4.

The PID algorithm is a widely used control algorithm, and it is also widely used
in aircraft control. It is based on error feedback, through the proportional, integral, and
differential linear combination output control quantity to achieve the control effect. Using
the altitude control of an amphibious aircraft as an example, its output control quantity is
shown in Formula (22).

de(t)
dt

u(t) = K, [e(t) + %/Ote(t)dt LT,

i

(22)

where ? is the running time of the experiment; Kp, %l_, T} are the proportion, integral and
differential parameters to be determined, respectively; e(t) is the error between the expected
height and the actual height at time t; u(t) is the output control quantity at time t.

The sliding mode control system is often used for aircraft control because of its strong
robustness. In this paper, the sliding surface of the sliding mode controller is s = ¢ + ce,
using the constant velocity convergence law s = —s - sgn(s). In addition, to reduce the
high-frequency jitter of the control signal, the sat(s) function is used instead of sgn(s), in
the form shown in Equation (23). When the jitter condition of the output control signal is
wealk, it can be used as the final control quantity.

1 ,s > A
sat(s) = < ks ,—A<s<A (23)
-1 ,8 < —A

Equation (24) is used to simulate the disturbing external force during the motion across
the medium. Additionally, considering the position offset generated by the amphibious
multi-rotor UAV due to wave surge during underwater waves, this paper uses the random
signal as shown in Figure 5 to represent the position offset and add it to the simulation
position control loop.

T T T T T T T T |
0104 Random signal |
_ 0.05 - R
B
<
¥
<
=
= 0.00 4 1
=
]
<
-0.05 b
-0.10 4 1
T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

time(S)

Figure 5. Random offset.
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de+de+le =0
dfy+dky+dly =0
de +dyy +d;z = 2.511‘1(0.27'(1’) (24)
dex +dix + dig = sin(t)
dfM +dip +diy = sin(t)
di +din +diy = sin(t)

The physical parameters of the amphibious multi-rotor UAV and the parameters
designed for the simulation experiments are shown in Table 4.

Table 4. Simulation parameters.

Name Numerical Value Name Numerical Value

m(kg) 5 H(m) 0.31

B(N) 425 Zp(m) 0.06
g(m-s72) 9.8 KFaa 3.5 x 1072
Iy(kg -m=2) 0.1146 Kraw 497 x 107°
Iy (kg - m~2) 0.1408 Ktaa 1.126 x 10~*
L(kg-m~2) 0.1793 Ktuw 2.012 x 107

R(m) 0.065 palkg - m™3) 1.293

1(m) 0.42 pw(kg - m™3) 1000

A simulation experiment using MATLAB with a simulation time of 15 s; given the
initial position Z = —1m and the desired position Z = 1m; initial positions of ¢ = 0.5rad,
6 = 0.4rad, and p = 0.3rad, and desired positions of ¢ = 0, 0 = 0 and ¢ = 0. The
parameters of the PID controller and SMC controller are also adjusted to show better
control performance, and the parameters of the ADRC controller are adjusted to meet the
control requirements. The final simulation results are shown in Figures 6 and 7.

_ Rel(rad)

—— ADRC 028 —— ADRC
PID PID
— L ey SMC

D e s S

(b) ©
Figure 6. Simulation results of PID, SMC and ADRC out-of-water motion attitude angle control:
(a) roll angle, (b) pitch angle, (c) yaw angle.

From the simulation results of the attitude angle control in Figure 6, it can be found
that PID, SMC, and ADRC can all bring the attitude of the UAV to the set desired attitude
in about 34 s and keep the attitude in the vicinity of the desired attitude. It can also be
found that after 4 s, the PID control curve has an obvious fluctuation compared with SMC
and ADRC, and the fluctuation range is [—1.5°,1.5°]; the SMC and ADRC control curve
is relatively flat, and the fluctuation range is [—0.7°,0.7°]; for the attitude control of the
water exit process, PID and SMC and ADRC can all complete the effective control of the
UAV attitude, but the anti-interference ability of the PID algorithm is weaker than SMC
and ADRC.
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Figure 7. Comparison of simulation results of PID, SMC, and ADRC outgoing water motion
height control.

From the simulation results of the altitude control in Figure 7, we can find that PID,
SMC, and ADRC can all complete the altitude control of UAV. The time for the PID to reach
the desired height for the first time is 3 s, which has better rapidity compared with SMC
and ADRC, but the control curve of the PID is more fluctuating, with a fluctuation range of
[0.8m,1.2m] and an obvious amount of overshoot. The time for SMC and ADRC to reach
the desired height for the first time is 6 s. Although there is a small reduction in rapidity, the
fluctuation of the SMC control curve is smaller, and the fluctuation range is [0.9m, 1.1m], and
there is a reduction in overshoot, which also reflects better anti-interference performance.
The fluctuation range of the ADRC control curve is [0.95m,1.08m], the minimum amount
of fluctuation in the three controllers, and there is no overshoot when the UAV just reaches
the desired altitude. In the form of disturbing external force as a sinusoidal signal, the
fluctuation trend of the ADRC curve is not obvious compared with PID and SMC, which
also shows the strong anti-disturbance property of the ADRC algorithm.

Furthermore, to verify the usability of the ADRC algorithm in an actual control, a
control research process of ADRC is further carried out for the prototype of the amphibious
multi-rotor UAV, as shown in Figure 8. In Figure 8, all electrical components are placed in a
cylindrical waterproof compartment of acrylic material, and perforated screws are used to
connect the wires to the inner and outer elements, and finally the gaps in the perforated
screws are filled with waterproof glue to prevent water leakage. In addition, the brushless
motors used in the prototype can work normally in water. The total memory of the ADRC
controller is about 1881 KB, and it has high scalability.

Figure 8. Experimental prototype of an amphibious multi-rotor UAV.

To verify the usability of the ADRC algorithm in a practical control, the amphibious
multi-rotor UAV is placed at a depth of 1 m underwater, and the initial attitude ¢ = 0°,
6 = 0°, i = 49° is set. In the state of the body so set, the controller built with PID, SMC,
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and ADRC algorithms are used to control the water discharge to a height of 1 m in the air,
respectively. The whole process of amphibious multi-rotor UAV out-of-water movement is
shown in Figure 9. The experimental results are shown in Figures 10 and 11.

(b)

@ (®

Figure 9. Diagram of the out-of-water motion process: (a) 1 m underwater (b) from underwater near
the horizontal (c), (d) transition (e) 0-1 m in air (f) 1 m in air.
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Figure 10. Experimental results of attitude angle control of PID, SMC, and ADRC out-of-water
motion: (a) roll angle, (b) pitch angle, (c) yaw angle.
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Figure 11. Comparison of experimental results of PID, SMC, and ADRC water outlet motion
height control.
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From the experimental results in Figure 10, it can be found that near 3 s, i.e., when
the amphibious multi-rotor UAV is out of the water transition, the attitude of the UAV
has a more serious jitter due to the buoyancy and hydrodynamic force and the weight of
the water attached to the airframe. ADRC allows the UAV roll angle and pitch angle jitter
to be controlled between 6° and 5°. SMC can make the UAV roll angle and pitch angle
jitter be controlled between 11° and 10°. The PID allows the UAV roll angle and pitch
angle jitter to be controlled between 17° and 27°. It can be found that ADRC still shows
strong control performance in the actual control and can achieve good attitude control to
ensure the stable completion of the water exit movement. SMC performance can also meet
the actual control needs, but the anti-interference is weaker compared to ADRC. PID has
the worst performance, and in the actual process, the PID attitude control may cause the
fuselage to tilt excessively, making the propeller hit the horizontal surface, causing the UAV
to flip sideways and fall into the water, leading to the failure of the out-of-water movement.

From the comparison of the experimental results of out-of-water motion in Figure 11,
PID, SMC, and ADRC have completed the out-of-water motion of the amphibious multi-
rotor UAV. However, the PID algorithm has a significant overshoot of 0.2 m; the SMC is
slower and reaches the desired height at 4.5 s, but there is no significant overshoot, and
the control curve is smoother; the ADRC reaches the desired height at 4 s and there is no
overshoot, and the control curve is very smooth.

Based on the out-of-water motion control of an amphibious aircraft, it can be seen
that before reaching z = 0, since the model parameters did not change significantly and
the controller parameters were adjusted to the optimal condition for the experiment, the
control curve of the three control algorithms, PID, SMC, and ADRC, all showed a certain
anti-interference ability against external disturbances. When the aircraft reaches z > 0, the
force situation changes dramatically, and the PID controller curve jumps up and down
at 3 s, indicating the aircraft wobbles at the water—air interface, which may lead to the
amphibious aircraft’s rotor flaps to the horizontal plane resulting in the amphibious aircraft
rolling over and falling into the water. Finally, the PID algorithm also generates a large
overshoot of 0.2 m, which indicates that the PID algorithm cannot overcome the instability
caused by the change in model parameters. The control curve of the SMC algorithm is
smooth and shows no obvious overkill. However, there is a 0.5 s delay in the control
effect when dynamic models and parameter switching occur. Compared with the control
curve of the ADRC algorithm and PID algorithm, it can be considered that part of the
control rapidity is sacrificed and the control robustness is improved. Compared with the
PID algorithm and SMC algorithm, the control curve of the ADRC algorithm exhibits
no significant step changes after the amphibious aircraft transitions from water to air.
Furthermore, the control curve remains smooth without any noticeable overshoot. On the
premise that the robustness of the control algorithm is guaranteed, good control rapidity is
also retained.

ADRC is proposed based on the shortcomings and improvement methods of PID,
and the emergence of ADRC solves some limitations of PID to a certain extent, making
the control system more stable, adaptable, and accurate. Therefore, in the simulation and
experiments, ADRC and PID have the same speed, and ADRC has a lower overshoot and
stronger anti-interference ability than PID. In terms of the control performance for ADRC
and SMC, ADRC introduces a state observer to observe and estimate the total disturbance
in real time and compensate at the input to eliminate interference more effectively, and
ADRC has a stronger adaptive ability to dynamically adjust parameters to adapt to a
different system and environmental changes. For SMC, it focuses more on suppressing
interference. Therefore, in the simulation and experiments, ADRC has a slightly better anti-
interference ability than SMC and has a shorter rise time than SMC. Therefore, through both
the simulation and experiments, this paper verifies the excellence of the proposed method.
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6. Conclusions

For the amphibious multi-rotor UAV, the water—air transition presents a significant
challenge due to changes in buoyancy and added mass as well as the impact of the “water
surface effect”. To address this challenge, this paper proposes the use of the conven-
tional ADRC control algorithm, which has shown strong robustness in aircraft control,
to design the controller for the amphibious multi-rotor UAV and conduct a preliminary
exploration of cross-media control research. Kinematic and dynamic models of the am-
phibious multi-rotor UAV were established, and the hydrodynamics of the underwater
vehicle were analyzed to construct a cascaded active anti-interference controller using the
ADRC algorithm. Simulation results demonstrate that the ADRC algorithm provides better
control performance and robustness than SMC and PID in the cross-media control process.
Experimental verification is then carried out to verify the usability of the ADRC algorithm
in actual control. The results show that during the water discharge process, although the
amphibious multi-rotor UAV experiences significant disturbance, the ADRC algorithm
demonstrates smaller attitude fluctuations compared to SMC and PID, as well as better
control performance and robustness. These results verify the superiority of the ADRC
control algorithm and demonstrate its potential for use in the design of a cross-media
controller for the amphibious multi-rotor UAV.
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