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Abstract: When a cross-domain robot (CDR) flies on the water surface, the large pitch angle and roll
angle may lead to water flooding into the robot cabin or even overturning. In addition, the CDR is
influenced by some uncertain parameters and external disturbances, such as the water resistance
and current. To constrain the robot attitude angle and improve the robustness of the controller,
a non-singular terminal sliding mode asymmetric barrier control (NTSMABC) algorithm is proposed.
All the uncertain disturbances are regarded as a lump disturbance, and a radial basis function neural
network (RBFNN) is designed to compensate for the output of the controllers. Unlike the traditional
quadrotors, the robot controls the yaw angle by paddles when the robot flies on the water surface. To
prevent the actuator saturation and the robot from rolling over due to excessive yaw angular velocity,
an adaptive integral sliding mode barrier control (AISMBC) algorithm is proposed to constrain
the yaw angular velocity directly. This algorithm adaptively adjusts the gain of the sliding surface
to suppress the influence of the lump disturbance on the robot. Another RBFNN is designed to
compensate for the output of the controller. Simulation results demonstrate the effectiveness of the
proposed control methods.

Keywords: cross-domain robot (CDR); radial basis function neural network (RBFNN); non-singular
terminal sliding mode asymmetric barrier control (NTSMABC); adaptive integral sliding mode barrier
control (AISMBC)

1. Introduction

Rotorcrafts, wheeled mobile robots (WMRs), and unmanned surface vehicles (USVs)
have been studied for serval years, but these robots can only work in a single environ-
ment [1]. To overcome the shortages of the traditional robots, multi-habitat robots have been
rapidly developed. Spherical robots are one of the popular structures [2,3]. The quadrotor
is enclosed in a spherical shell; therefore, the robot can work in three environments [4].
A leg-type amphibious robot was presented in [5], which can move on the ground with its
legs, and generates traction by spraying water on the water surface. More interesting robots
can be found in [6-8]. The micro aerial vehicles (MAVs) equipped with optical flow sensors
can realize obstacle avoidance, measurement distance, and velocity estimation. In [9],
two optical flow sensors constituted an optical flow divergence which was placed on
an MAV to avoid obstacles. This method improved the success rate of obstacle avoidance.
In [10], the optical flow sensor was used to estimate the velocity of MAV, and a stereo
camera with a mass of 4 g was adapted for visual navigation. The autonomous obstacle
avoidance of this pocket MAV was realized in indoor environments.

The research about CDRs and amphibious robots has mainly focused on structural
innovations, while the research has paid less attention to robot control methods. In this
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paper, we focus on the control algorithms of the CDRs flying on the water surface. There
is some research on control algorithms for CDRs, but the research is abundant for similar
control systems such as quadrotor UAVs, WMRs, and USVs. The backstepping control is
a classical control algorithm. In [11], the quadrotor UAV was controlled by the adaptive
integral backstepping algorithm and an adaptive law was designed to compensate the
lumped disturbance. In [12], the backstepping-based algorithm was also adopted to
achieve cooperation control of multiple USVs. In addition, there are intelligent control
methods, such as model predictive control (MPC) [13], reinforcement learning [14], deep
reinforcement learning [15], and so on.

However, the constraints on the system states were not considered in the above
control algorithms. To constrain the system states, the controllers based on the barrier
Lyapunov function (BLF) [16] and the integral barrier Lyapunov function (IBLF) [17] are
classical barrier control (BC) algorithms. Following the traditional idea of BC, multiple
brilliant control methods have been proposed. In [18], an adaptive barrier controller was
proposed for the strict feedback system. The unknown disturbances were compensated
by an adaptive law. Based on integral barrier control, a time-varying constrained barrier
control was proposed, but the time-varying boundary was not changed with the system
state [19]. Besides, there are barrier control algorithms based on tanh-type [20]. For the
specific control systems, the study introduced in [21] provided a new integral barrier
controller to directly constrain the quadrotor attitude, which solved the conservative
problem of the traditional integral BC. To constrain the full-states of underactuated system,
such as WMRs, a finite-time barrier control algorithm was proposed [22]. Designing
an adaptive law for the uncertain term of the control system is a useful method but another
way is to use the observer or the neural network. In [23], a radial basis function neural
network (RBFNN) was designed to approach the lumped disturbance of missile autopilot
dynamic model. In [24], the RBFNN was used to obtain the lumped disturbance of USVs.
Similar ideas can be found in [25,26].

To make the proposed control algorithms more robust, the sliding mode control is
used as a basis of the control algorithms. Sliding mode control (SMC) has been widely
studied in recent years because of its insensitivity to system parameters and strong ro-
bustness. To eliminate the static error of SMC, the integral term is introduced into sliding
mode surface [27]. To speed up the convergence speed of system errors, terminal sliding
mode control (TSMC) and nonsingular terminal sliding mode control (NTSMC) have been
proposed. A fast terminal sliding mode algorithm is adopted to the position control and
attitude control of the quadrotor. The tanh function is adopted in the sliding mode surface
to further speed up the controllers, but the controller is complex [28]. A fast-nonsingular
terminal sliding mode control (FNTSMC) has been proposed for autonomous underwater
vehicles, and the external disturbances and disturbances caused by uncertain parameters
were obtained by the observer [29]. In addition, adaptive sliding mode control (ASMC) is
also a common control method to control USVs and quadrotor UAVs [30,31].

Some conventional strategies have been used in the literature to achieve a better
robustness. For example, a filtered observer-based IDA-PBC was proposed in [32], which
could reduce the influence caused by the sensor measure noises and the quadrotor states
uncertain. In [33], a simple and robust controller was developed that had no observer
or adaptive law. For the sake of better robustness and the constrains on system states,
there are numerous comprehensive control algorithms that have been proposed such as
the controller, which combines the NTSMC with BC, and can adaptively adjust the gain of
the sliding mode, thus improving the robustness of the controller [34]. In [35], a composite
time-varying tanh-type barrier Lyapunov function was designed, and the uncertainties and
external disturbances in the attitude control of quadrotor were solved by the adaptive law.
However, the controller is complicated. The controllers proposed in [34,35] had similar
ideas in the proof of state error convergence. In [36], the ISMC was adopted and the
constraints on system state were considered. The control methods combining SMC with BC
can be found in [37,38]. Besides, the comprehensive control algorithms, such as combining
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fuzzy control with BC [39] and MPC based on barrier Lyapunov function [40] are both
known as effective state-constrained control methods.

Through the discussion of the control methods above and inspired by [34,35],
a nonsingular terminal sliding mode asymmetric barrier control (NTSMABC) algorithm
is proposed to constrain the pitch angle and roll angle of CDR when the robot flies on the
water surface. Enlightened by reference [36], an adaptive integral sliding mode barrier
control (AISMBC)was applied to constrain the yaw angular velocity of the robot. The main
contributions of this paper are as follows:

1. A CDR that can work in three environments is designed. The dynamic model for the
CDR flying on the water surface is presented;

2. Based on the traditional BC [16], a nonsingular terminal sliding mode asymmetric
barrier control (NTSMABC) algorithm is proposed to constrain the pitch angle and
roll angle of CDR on the water surface. Since the robot has an asymmetric structure
which is similar with a small USV, the roll angle is controlled by NTSMBC, but the
pitch angle is controlled by NTSMABC. To handle the lumped disturbance including
uncertain model parameters and time-vary external disturbances, a RBFNN is adopted
to compensate for the controller. Moreover, an adaptive law of neural network weight
is designed with the Lyapunov function. The proposed method combines NTSMC
with BC, which improves the convergence speed of the state errors and robustness;

3. Inspired by references [35,36], an adaptive integral sliding mode barrier control
(AISMBC) is proposed to constrain the yaw angular velocity. The sliding mode
surface we designed only includes the angular velocity state error, and the gain of
sliding mode is adaptively adjusted according to the difference between the actual
state and the barrier value. RBENN is also designed to obtain the uncertain lump
disturbance. The weights of the neural network are adjusted by the adaptive rate.

This paper is organized as follows. In Section 2, preliminary works and a brief
introduction of the CDR are given. In Section 3, the NTSMABC and the AISMBC are
introduced, and detailed proofs of convergence are presented. The simulation results of the
robot flying on the water surface are provided in Section 4 to verify the effectiveness of our
control methods. Section 5 concludes our work and introduces further work.

2. Preliminary Work and the Mathematic Model
2.1. The Introduction of the Cross-Domain Robot
This part introduces the structure of the robot when flying on the water surface. The

robot can be roughly considered as a combination of the WMR with the quadrotor. The
structure of the CDR is shown in Figure 1.

lift force

xﬂeering motion
P &7 .

right force

water resistance left force

Figure 1. The structure and movement mode of the CDR. (a) The structure of the CDR. (b) The robot
flying on the water surface. (c) The robot yaw angle control on the water surface.

Figure 1a shows the structure of the robot. The paddles are integrated with the wheels
to give the robot extra power when moving on the water surface. The robot flying on
the water surface is shown in Figure 1b. The propulsion is generated by the component
of the rotor lift force. This is because the shell of the robot is similar to a boat-type.
When the robot moves backward, it is subjected to greater water resistance. To ensure
the safety of the robot moving on the water, the structure of the robot is not completely
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symmetrical. Therefore, the pitch angle of the robot is constrained asymmetrically. Besides,
this constrained condition can prevent the robot from moving backward. The roll angle can
be constrained symmetrically. The robot yaw angle is controlled by the paddles as shown
in Figure 1c. The robot flying on the water surface is shown in Figure 2.

Figure 2. The robot flying on the water surface. (a,b) The robot controls the yaw angle. (c-g) The robot
flying on the water surface by controlling the attitude angle. (h) The robot reaches the target position.

2.2. Dynamic Model of the Cross-Domain Robot

In this paper, we focus on the control algorithm of a robot flying on the water surface.
Therefore, only the dynamic model of the robot flying on the water surface is shown. Some
assumptions are proposed before the mathematical model of the robot moving on the water
surface is established.

Assumption 1. The robot is a rigid body, its mass distribution is homogeneous, and the shape
structure is a port/starboard symmetric.

Assumption 2. The center of gravity of the robot body coincides with the geometric center.
Assumption 3. The total lift provided by the rotors is smaller than the gravity of the robot.

Assumption 4. The power generated by the rotors and paddles satisfies the requirement of
the robot.

Based on our previous work [41], the WMR mathematical model [25], and the mathe-
matical model of the quadrotor [35], the dynamic model of the CDR in a coordinate frame
is shown in Figure 3.

Figure 3. The cross-domain robot in the earth coordinate frame and the body coordinate frame.
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As shown in Figure 3, E(O, X, Y, Z) is the earth coordinate frame. b(o0, x,y, z) is the
body coordinate frame. The robot position on the water surface is defined as

=[xy Z . The attitude angle of robot in the earth coordinate frame is defined
as®=1[p 6 v T, which represents the roll angle, pitch angle, and yaw angle, respec-
tively. The angular velocity in the body coordinate frame is definedas Q = [p g 7] T

When the attitude satisfies the small angle assumption, ® = (). The dynamic model of the
CDR on the water surface can be expressed as follows:

X = [u1(cpsOctp + spsip) — 645 (x)]/m

y = |ui(cpsbsp — spcyp) — 5dy(]/)] /m

z = (ujc¢ch — AFf> /m

¢ = |lug + (mp — m33)09p — Sag (P) + d¢} /Ix
0 = |luz + (maz — ma1)pyp — 849(6) + do | /1
¥ = |ug+ (myg —my)0p — Oy () +dy|/mz3

)

where u;(i = 1,2,3,4) is the control inputs for attitude control and altitude control. m is
the mass of CDR, d,;(i = x,y, ¢, 0, ) is the water resistance. d;(i = ¢,0, ) is the random
external disturbances. AF ¢ = F —mg, Fyis the buoyancy of the robot on the water surface,
and g is the acceleration of gravity. AF ¥ is the buoyancy change caused by the waterline of
the robot. When the robot is in a stable state, AF = 0. myqq, moy, m33 are inertia parameters,
where my; = Iy — Xy, mp = Iy — Yy, msz = I, — Nip' X, Yy, Nip are external inertia
moment parameters caused by the water. I;(i = x,y, z) is the inertia moment. | represents
the distance from the rotor to the geometric center of the robot. The robot power conversion
matrix is shown in Formula (2):

wz
1
u ¢, ¢ C, G 0 0 w5
w| _|C, -C, -C, G 0 0 w3 )
us| |G, C, —-C, —-C, 0 0 wi
1y 0 0 0 0 Cr/b —Cr/b] |w
Wy

where w;(i = 1,2,3,4) represents the rotation speed of the four rotors, Cr is the rotor
lift coefficient, and Cp is a parameter for converting the displacement of the paddle into
traction force. w; and w; are the rotation speeds of the left wheel and the right wheel,
respectively. b is the distance between the two wheels. According to Assumption 4, we
have not discussed the mathematical model of converting the speed of motors into tractive
force in this paper.

2.3. Motivation and Problem Statement

When the quadrotor flies in the air, the lift needs to overcome the gravity of the robot.
However, when the robot flies on the water surface, buoyancy can provide an additional
support force to counteract gravity, which reduces the energy consumption of the robot. To
speed up the robot moving on the water surface, the component of the rotor lift is used to
provide the traction. The energy consumption of the robot is further reduced by using the
paddles to control the yaw angle. However, the CDR flying on the water surface has the
following problems:

1.  When the CDR flies on the water surface, the large attitude angle leads to the water
flooding into the cabin or even overturning. Therefore, it is necessary to constrain
the attitude angle of the robot. The left and right sides of the robot structure are
symmetrical, and a small roll angle can help balance the robot. Thus, the roll angle is
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constrained symmetrically. The pitch angle is constrained asymmetrically because the
front and rear structures of the robot are asymmetric;

2. When the yaw angular velocity reaches the maximum, even if the motor speed
continues to increase, the yaw angular velocity cannot be increased. In addition,
a large yaw angular velocity causes the robot roll over. Therefore, the yaw angular
velocity is controlled by ISMBC algorithm, directly;

3. There are uncertain parameters and coupling in the dynamic model of the robot
attitude. Besides, the attitude of the robot is influenced by the unknown and time-
varying water resistance, wind, and current. Thus, the RBFNN is designed for the
uncertain lumped disturbances.

Before designing the controllers, we introduced four lemmas to prove the convergence
of the controllers in the next part.

Lemma 1 [21-23]. The lumped uncertain disturbance can be expressed as:
1(x) = wTh + ¢, w is the neural network weight matrix, & is the output of neurons, i = [i;]

12
is the output of the ith neuron in the hidden layer, h; = exp (—"‘gbgl') . x is the input

vector, ¢; is the coordinate vector of the center point of the ith neuron Gaussian function in
the hidden layer, and b; is the width of the ith neuron Gaussian function. ¢ is a minimal
positive constant. The weight of the RBFNN is:

w=[w - wm]T

The output of the RBENN is y(t) = wTh = wihy + wyho - - - + Wil + - - - + Wyl
For a continuous function 77(x) and a minimal positive constant ¢, there is an ideal weight
vector w*, which makes RBFNN approximate 7(x) and satisfies max|[57(x) — 7 (x)|| < g,

where w*= arg min sup ||7(x) —7*(x)| 7. The approximation error can be ex-
eeﬁ(M9) xe(p(Mx)

pressed as €9 = 17(x) — 7*(x), and &g has an upper bound e.
Lemma 2 [34]. Let v be any constant such that |v| < 1. Then, the following inequality

is satisfied. 5

% 1
< — J—
1—02 — 10g<1—z}2)

Lemma 3 [34]. Let v be any constant such that [v| < 1. Then, the following inequality holds:

1 1
— o< - :

2
(to5(=))
The proof of Lemma 2 and Lemma 3 can be found in the Appendix with the
reference [34].
Lemma 4 [28]. Consider the system x = f(x, u). Suppose V(x) is a C; smooth positive
definite function, scalars 1,82 > 0,0 < p < 1land 0 < § < 1 such that:

V(x) < —=B1V(x) — BoVP(x) + 0
Then the system x = f(x, u) is semi-globally practical finite-time stable (SGPFS).

3. The Design of the CDR Attitude Controllers

According to the problems mentioned in the last section, the robot attitude needs
to be constrained when flying on the water surface. The roll angle is constrained within
a small angle around 0°, which helps to balance the robot body. The pitch angle needs
to be constrained between 5° and —15° according to the fourth, fifth, and sixth lines of
Formula (1). The attitude control can be regarded as a second-order single input single
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output (SISO) nonlinear system. To prevent the loss of generality, we adopted a general
mathematical model when designing the controllers.

3.1. Non-Singular Terminal Sliding Mode Asymmetric Barrier Control (NTSMABC)

The second-order nonlinear SISO system with uncertain disturbance is shown in
Formula (3):

561 = X
x2 = f(x) +g(x)u+6(x) ®)
y=n

where x = [x; x| h x1 and x; are the system states, f(x) and g(x) are smooth functions,
d(x) is the external disturbance about the system state, u is the control input, and y is
the control output. f(x) can be divided into the certain part and the uncertain part. The
uncertain part of the system and the extern disturbance can be regarded as the uncertain
lumped disturbance. Thus, the system model can be rewritten as:

561 = X2
X2 = fo(x) +g(x)u +1(x) “)
y=x1

where fy(x) is a system certain term and 7 (x) is a lumped uncertain disturbance. Define
the positive constants Yy, ?0. The system state x; is satisfied —Y; < x; < ?0. Ag is
the maximum value of the x1, and Ay satisfies max{Yy, Yo} < A < k1, ke is the con-
straint boundary of the system output, |y;| < kq. Define k1 = ko — Yo, kp1 = ke — Yo,
z1 = Y4 — x1 and zq is satisfied —k;1 < z1 < kp1. If kyy = kg1 = k1 — Ao, z1 is satisfied
—kpy < z1 < ky1, it is the symmetric barrier. The detailed introduction of barrier control
can be found in [16].

Define zp = a1 — xp, where a4 is a virtual control variable. Then the Lyaunov function

V1 (z1) is as follows:

2 1 2

— 1 kbl kal
Vi(z1) = 54q(z1) log 22 +5(1—q(z1))log PR ®)

0 ,0<z <ky
1 ,—kyp<z1<0
V1 (z1) takes the derivative of time ¢, which yields:

where q(z1) =

k2 2

. ) k )
Vi(z) = q(z1) 5 U zz+ (11— 1(21) 12 A 212 (6)
b1 T 21 1A

Since x; = a1 —2p, 21 = Y; — X2 = Y; — &1 + 2, the virtual state is defined as
w1 = kyz1 + 4. where k; is a positive constant. Substituting z; and «; into Formula (6) obtains:

V1<zl>:—k1k§1< q(zl>2+<1—q<zl>>>z%+kil< 9(z1) +1—q<zl>>zlzz -

2 2 2 2 2 2 2
ki — 23 ke — 23 Ky =21 ky — 2

P, i

ro. .
The non-singular terminal sliding surface is S = z, + %21 1,5=2z+ g7 21 121. The

sliding mode approach law is designed as 5 = kS + k3|S| %sign(s).
The Lyapunov function V; is defined as:

1
Vo=V + 552 8)
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The Formula (8) takes the derivative of time t and substitutes it into Formula (7) and S

obtains:
Vz = Vl + SS
. P_q.
= —k1k3,Q(z1)z3 + k3,Q(z1)z122 + S (zz + %Zl g 121)
= —kik}, Q(z1)2 + K, Q(z1)717 + S (i — o + fz1

= —kikE, Q(z1)23 + k2, Q(z1)7122 + 8 (1 — fo(x) — g(x)u — n(x) +

where Q(z1) = Q(Zl)z 4+ (-a(z)

= )
k=21 ka1 =21

Define &1 — fo(x) — g(x)u —(x) + iz 21 = kS + ks|S|sign(s).
When the lumped disturbance is known, the controller can be designed as:

u= g(lx) —fo(x) —n(x) +ar+ %zlgf

where B, ky, k3 are positive constants, p/q =2*n—-1,n =1,2,3---

©)

17';1 + k%lQ(zl)zl + koS + k3|5|%sign(s)] (10)

and p # ¢. In the

controller (10), the functions g(x) and fy(x) are known. However, the lumped disturbance
caused by external disturbances and uncertain parameters is unknown; therefore, the

controller designed by Formula (10) cannot control the system.

Therefore, the RBFNN is designed to approximate the lumped disturbance in
Formula (4). The definition is 17(x) =¢p + ﬁ*(x) =eg+wTh, W = ® — w*, w* is the

optimal weight, @ is an estimate of w*, and w* is constant, so w = .

Define the Lyapunov function V3:

1

1
V=V + =82
3 1+2 +2

tr(w T~ 'w)

(11)

I is a positive definite matrix, Formula (12) can be obtained by V3 taking the derivative

of time t. . _ .
Va=Vi+SS+a' T '

Substituting 1 (x) =¢o + w*Th into Formula (12):

V3 = V] +SS+ZETF71Z.@

. r_q. S,
— —klkﬁlQ(zl)z% + kﬁlQ(zl)zlzz + S(le — fo(x) —g(x)u —wT*h —eg + %zl q 121) + @ T 1w

The controller is designed as:

_ 1
g

Substituting Formula (14) into Formula (13) can obtain:

Vs = ki — 1( q(z1) T 1- Q(Zl))zf/ﬁl + @ (Sh+T7'D) — kS — S(g +k3|5\%sign(s))

p

k-2 k-2
The adaptive law of the RBFNN weight is designed as:
® = —TSh
Substituting Formula (16) into Formula (15) can obtain:

. P
Vs = —kik}Q(z1)23 — 5

. r_q. .
{—fo(x) —Th+a; + %m q 121 + k%lQ(zl)zl +krS + k3|5|%szgn(s)]

1 1.
—k3,Q(z1)z, AR Y2 S(eg + k3|S|2sign(S))

(12)

(13)

(14)

(15)

(16)

(17)
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When ¢(z1)=
. k2 1 k2 P/a+1 1.,
V= ki bjzzz% i B z7/T1  kyS? — Seq — k3|S| 2 Ssign(S)
b1~ A1
Becausep/q+1=2nn=1,23---, z% < k%l, leg| < €, € is a minimal normal constant.

When S > 0,e0 >0, V3 < 0. Whengy > 0, S < 0, a parameter always exists, k3, which
satisfies k3|S]| P> |Sle, so V3 < 0. When S > 0, g9 < 0, parameter ks always exists, which

satisfies k3|5\2 > [Sle, so V3 < 0. When S < 0,¢9 < 0, V3 < 0.
When g(z1) =0

2
kbl 2

1
i — =
kﬁl - Z% ﬁ

. k2
Vs=—k b1 zP/q“ koS% — Seq — ks|S|2 Ssign(S)

Because z1 < kﬂl, when S > 0, ¢y > 0, V3 < 0. When S < 0, g9 > 0, parameter k3
always exists, which stratifies k3|S|% > |Sle, V3 < 0. When S > 0, gy < 0, parameter k3

always exists, which satisfies k3|S\% > |S|e. When S > 0,9 > 0, V3 < 0.
V3 is a continuous and derivable function. V3 > 0 and only at point zero V3= 0.

Because V3 <0, 2z, 2z, S, S are umformly bounded, thus, V3 is bounded. According to

Barbalat’s lemma, when t — o0, V3 — 0, V3 — 0, so that the state errors converge.

The proposed algorithm combines barrier control with NTSMC. Compared with the
NTSMC, the proposed algorithm adds the term that can constrain the system state. The
algorithm inherits the robustness of NTSMC. The convergence speed of the state errors is
improved, because the exponential term is introduced into the sliding mode surface.

3.2. Adaptive Integral Sliding Mode Barrier Control

The yaw angle does not need to be constrained, but the yaw angular velocity needs
to be constrained. To make the controller more robust, we combined ISMC with BC and
designed an adaptive law for the sliding mode surface.

The second-order nonlinear SISO control system with uncertain disturbance is shown
in Formula (4):

5(1 = X2
xp = fo(x) + g(x)u+n(x)
y1=x1

where 77(x) is the uncertain lumped disturbance. The RBENN is used to approximate 7(x),
11(x) =eo + w*Th. Definition @ = @ — w*, w* is the optimal weight, @ is the estimation

of w*, w* is a constant, = . go is the approximation residual of the RBFNN. Thus, the
second line of Formula (4) can be rewritten as:

xp = fo(x) +g(x)u+ w ™ h + g (18)

where, x1, X, Y4, y; are derivable and continuous. When designing the controller, the
system is divided into two parts, which are the outer loop and the inner loop. For the outer
loop control, define z; = y; — x1, S1 = z1 + A1 [ zydt, S = (y; — x24) + A1zq, where A is
a positive constant.:

Xoq = kaS1+ Aiz1 + g + kssign(S) (19)

where x,; is the control input of the outer loop, where ky, k5 are positive constants. Define
the Lyapunov function V; = %S%, V4 takes the derivative of time t and substitutes it to x,,
which yields:

Vi=55 = S1(y; — %0 +Mz) = —ksS3 —ks5/S1| <0 (20)
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Therefore, t — o, z; —+ 0. For the inner loop control, define z; = x5 — x2,
the integral sliding surface S; = z, + A; f zg/qdr, where A; is a positive constant,
p/q =2xn—1,n = 1,2,3---. Because z; is bounded, if the system state error con-

verges in finite time, f zg / 1dt is bounded, so |S2| < ke, kg is a positive constant which is
the upper limit of the sliding surface. Define the control law u = g(%) (111 + uz). The control
law consists of two parts which will be designed below.

Define the virtual variable ¢ = S, /ky,, C = S, /kg,. The Lyapunov function Vs is

1 1 1 /71 g~
Vs = 5 log< ’;2) ftr( r w) (21)
where I is a positive definite matrix. Formula (21) takes the derivative of time ¢ as:

Vs= 1S+ 50T 0 (22)

Substituting Formula (18) into Formula (22) can obtain:

- . 1 - -1
Vs = ksh(f—gz) (yd — fo(x) —g(x)u —w*Th — ey + Azzg/q> + EwTF % (23)

The definition of the control law is:
up = ——(—fo(x) + 9, +keS + Apzh' T+ @Th), uy = —*<sign(S (24)
1 g(x)( f( ) Y4 2 ) g(x) 4 ( )

where k¢ is a positive constant and k7 changes with the system state error to prevent
the system state exceeds the constraint boundary. Substituting u1, u; into Formula (23)

can obtain:
Vs = ﬁ( keS +@Th — eq — kysign(S)) + @' T~ la 25)
_ keG> _ sign(S) - g Ze
= i - SRk 0T (10 ) -
The adaptive law of the RBFNN weight is designed as follows:
W= —r%h (26)
ksh(l - éc )
Substituting Formula (26) into Formula (25) can obtain:
- keG>  Gsign(S)
Vs = — - —¢ (27)
1@ k-
where ¢z = T (1 62) when z — 0, ez — 0.
sign(S) = % < \khSH L —sign(S) < — 1H§\ rewrite Formula (27) to obtain:
’ _ ke ¢
= ) \khnc\ sé‘
= k¢ & Ckg
= % - (28)
_ ke oS
1_(:'2 Gh(l Cz)|C| ¢
_ kg S S € ol ) O (4 _
Because ~ "o < TR0 W k7 (= [e-
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u¢:

Ug =

Rewrite Formula (28) to obtain:

keC? 4

Vs < — - 1—&])k 2
5= 1_(:2 ksh(l_gz)( |‘:D 7+|€f;‘| ( 9)
Definition ky = 1%\5\ (%kg), where kg is a positive constant. Substitute it into (29)
which gives:
: ka®  ks@® 1
< _ —
Vs < 1-¢2 17€2|§|+’8§| (30)

According to the Lemmas 2 and 3, Formula (30) satisfies:

V5 < —k1V5 — k3V5V57% + ’85‘ = —k1V5 — k3V5% + ’8@’ (31)

According to the Lemma 4, the system is SGPFS, so the system state errors can converge
in the finite time.

Compared with the traditional ISMC, the AISMBC can adaptively adjust the gain
of the sliding mode based on the error of the actual state and boundary. Therefore, the
system state is constrained, and the influence of the lump disturbance on the system can
be suppressed by increasing the gain of the sliding mode. Thus, the robustness of the
controller is improved.

4. Simulation Results and Discussion
4.1. Design for the Controllers for CDR Flying on the Water Surface

To ensure the safety of the robot flying on the water surface, the roll angle and pitch
angle need to satisfy ¢ € [-12° 12°] and 6 € [~15° 5°]. The yaw angular velocity of
the robot needs to satisfy r € [—0.3rad/s 0.3 rad/s|.

According to Formula (14), the pitch angle controller and roll angle controller are
designed as:

K2, q(z

P_q. ) 3.
Tz + 7,{%}_% Zp + k2¢5¢ + k3¢’5¢’251gn(5¢):|

—Z@T(Ph(p + éé¢ + %Z(p
(32)

. P_q. 2 2 (1— 1,
—WTghg + itg + 420" 2o+ (k,fzgq(zez) + k"e,(; qSQ))>29 + k29Sp + k30/Se| 2518”(59)}
2 ad  ~0
NTSMBC is used to control the roll angle and the pitch angle. S; = zp; + %zli 7 ,(i=¢,0),
z1j is the angle error between the desired angle and the actual angle. The structure of the
RBFNN for the roll angle and pitch angle is shown in Figure 4:

llv.=elf J
h, =exp| - F—7F—
{ 2b;

w,=[-IShd (i=4.9)

—
&y
(z,)
&
Z,=e,. i=do Lump disturbance for
Z,=e,. i=pgq roll and pitch
Input layer Hidden layer output layer
(Ix2) (7x1) (1x1)

Figure 4. The RBFNN for the lumped disturbance of the roll angle controller and pitch angle controller.

The input layer of the neural network includes two inputs: the angle error and angular
velocity error. The output of the neural network is the uncertain lumped disturbance. The
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hidden layer consists of seven neurons. The central vector matrix of the Gaussian function

of neurons is

-04 —-02 —-01 0 01 02 04 . . .
C= _04 —02 —01 0 01 02 04l the base width of the Gaussian function
is designed as b = 0.1. According to Formula (16), the adaptive law of the RBFNN weight

is designed as:
ZTJi = —F,‘Sihi(i = 4), (P) (33)

AISMBC is adopted in the yaw angular velocity control. Based on Formula (22), the
controller is designed as follows:

1/- .
"y = E<¢d + ke + Azt + wlhy + kssign(s,,) ) (34)

where S, =z, + A [ z! /da, zy is the yaw angular velocity error. The controller parameters
were discussed in the Section 3. The structure of the yaw angular velocity neural network
is shown in Figure 5.

h = ex —M\ L V m - kel
hy ~p[ TS J / w, _[ I, 3 (1_52)}7,1#
e
L
(z
\ (4
S~
_ A Lump disturbance for
z, —(,, = ]d =7 \
yaw
Input layer Hidden layer output layer
(1x2) (7x1) (1x1)

Figure 5. The RBFNN for the uncertain lumped disturbance of the yaw angular controller.

The input layer of the RBFNN only has the yaw angular velocity error, and
the output of the neural network is the lump disturbance. The hidden layer includes
seven neurons. The center vector matrix of the Gaussian function of neurons is
C=[-04 —02 —01 0 01 02 04]and thebase width of the Gaussian function
isb=0.2.

According to Formula (24), the weight update law of the RBENN can be designed as:

¢
ks (1 = ¢2)

4.2. Simulation Results of the CDR Flying on Water Surface

To verify the effectiveness of our proposed algorithm, the NTSMABC was adapted
to the pitch angle control and the roll angle control. The control results were compared
with PID control, BLC, and NTSMC, respectively. For the yaw angular velocity control,
AISMBC was adapted. The control results were compared with ISMC and PID control. At
last, NTSMABC and AISMBC were used to control the CDR to track the desired circular
trajectory. The control block diagram of the robot flying on the water surface is shown
in Figure 6.

o, = —T, h, (35)
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dx | Desired Yaw Inner-loop Attitude Control
] I ] dy Salculation iy Yaw Angle Control ¢, RNFNN
Reference _ Out-loop ESAUBC l
Trajectory - Position control ! gral g 55 w
i ] xa | Xeaxis | Xace ke mode (Eontrol -
| Adaption )
i | Desired e Law
Ya_ | Y-axi | Yace . i
| PD CO:\);(S)UEI J CA,‘“‘,“ﬂe _"— Roll Angle Control %2,/ INENN
‘ NTSMBC
y * ba ) " Nonsingular
> Pcontrol Terminal Sliding  — :
& * T k {___mode Control
zd Terd | u1
pdoutret 4> Barrier control
ui
e S Pitch Angle Control ~ £¢_ %, N RNENN
| |
| Cross-domain Robot Dynamic | DIEMEES ;
L Voo g he s | % e Tﬁ;::;l"gﬁ?; W l
] Surface I _mode Conlrol |
[ ] 0 f q ka ‘
_______________ fra—
S, (i=x..6.0.y) T T s m a7, Barrier control :
d,(i=9.0.0)
Figure 6. The control block diagram of the robot flying on the water surface.
4.2.1. The Roll Angle Control of the CDR
The parameters of the roll angle controllers are shown in Table 1.
Table 1. Parameters of the CDR roll angle controllers.
Controller Parameter Value
kq 1
PID
ka, I 5,0.5
k1 1
NTSMC .
ko, k3, B, index 515,23
kq 1
BLC
ko, ky 5,0.035
kq 1
TSMB :
NTSMBC k», ks, B, index, ky 5,15,2,3,0.035
The first row of the controller parameters shows the angle controller parameters, the second row of controller
parameters shows the angular velocity controller parameters. The parameters of the RNFNN have been presented
in the previous part. The index is the parameter of the exponential term in the controller.
The desired roll angle was designed as ¢4 = 0.1745 * sin(0.5¢), when there are no
uncertain model parameters and external disturbances in the dynamic model of the roll
angle. The control results of the roll angle are shown in Figure 7.
~——NTSMBC wtih RBFNN ~——NTSMBC wtih RBFNN
—NTSMBC 0.03 —NTSMBC
0.2 NTSMC /\ NTSMC
s 002/ | B
—Ref —
< 1 v i n %22?'2‘2 g o001 \
E \§/ 0’ ‘ .‘/\ N\
[} S % N
g, : Ay
© ©-0.01
= c
[} ©
T-0.1 35 -0.02
-0.03
0.2
-0.04
10 15 20 2 30 0 5 10 15 20 25 30
time(s) time(s)

(a) (b)

Figure 7. The roll angle control. (a) The roll angle control results of the four control methods
without the random lumped disturbance. (b) The roll angle control errors without the random
lumped disturbance.

As shown in Figure 7a, the robot could track the desired roll angle when the four
control methods were adopted, and the roll angle did not exceed the safety boundary of
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0.2094 rad (12°). As shown in Figure 7b, BLC had some oscillation and needed to be over
15 s to be in a stable state (the purple line). For the NTSMBC without RBENN, the maximum
tracking error was about 0.03 rad, and the error convergence time was about 8 s, which was
longer than NTSMBC with RBFNN. When there was no uncertain disturbance, the control
results of NTSMC (orange line) were the best without oscillation and tracking errors, but
the proposed method had the fastest convergence speed.

To simulate the influence of water resistance, wind disturbance, and current on the
robot flying on the water surface, the random disturbance with a mean value of 1 and
variance of 0.1 was applied to the robot roll angular acceleration. The control results are
shown in Figure 8.

~——NTSMBC wtih RBFNN 0.05 —NTSMBC wtih RBFNN!
04 NTSMBC NTSMBC

& NTSMC NTSMC
0 3 . ~—BLC /] —BLC
. N A~ —Ref =~
/ \\ // \\ upper line 0.21rad

el
;‘; 0.2 —lower barrier line -0.21rad ]| g.o,os
5 5
ko] £ on
o 0.1 ° 0.
3 2
e 0 ©-0.15
°
o -0.2
-0.2
’ -0.25
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time(s) time(s)
(a) (b)

~——NTSMBC wtih RBFNN
~——NTSMBC
—BLC

roll angle error(rad)

5 10 15 20 25 30
time(s)

(c)

Figure 8. The roll angle control in the presence of the random lumped disturbance. (a) The roll angle
control results of the four control methods with random lumped disturbance. (b) The roll angle
control errors with the random lumped disturbance. (c¢) Local magnification.

As shown in Figure 8, the PID controller oscillated in a large range and could not
track the desired angle. NTSMC (orange line) had a static error of about 0.1 rad, but the
maximum tracking error was less than PID, which was because NTSMC had a strong
robustness. These two control methods exceeded the safety boundary 0.2094 rad (12°).
The BLC (purple line) ensured that the roll angle was less than the safety boundary, but it
oscillated for a long time. The proposed NTSMBC ensured the roll angle was smaller than
the safety boundary, and the oscillation was smaller and the convergence speed was faster
than BLC. As shown in Figure 8c, when the control output of NTSMBC was compensated
by RBENN (red line), the maximum tracking error was 0.02 rad, and the error converged
at 2.5 s. NTSMBC inherited the robustness of NTSMC. When there was an uncertain
lumped disturbance, it could follow the desired roll angle even without the compensation
of RBFNN.

The roll angle RBFNN outputs are shown in Figure 9.
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4| —RNFNN output
Random Number

lump disturbance

0 5 10 15 20 25 30
time(s)

Figure 9. The output of the roll angle RBFNN. The red line is the output of RBFNN, which could
approximate the random lumped disturbance with a mean value of 1.

4.2.2. The Pitch Angle Control of the CDR

The parameters of the pitch angle controller are shown in Table 2.

Table 2. Parameters of the pitch angle controllers.

Controller Parameter Value
K 1
FID ky, I 5,05
Ky 1
NTSMC k», ks, B, index 5,1.5,2,3
ky 1
BLC ko, ka, ky, 5,0.035, 0.054
NTSMBC k 1
ko, k3, B, index, ka, ky, 5,1.5,2,3,0.035, 0.054

It should be noted that, because the dynamic model of the pitch angle and the roll angle are similar, the same

control parameters were selected. The difference is that the pitch angle adopted asymmetric constraint boundaries
ka and k.

The NTSMABC was used to control the pitch angle. The upper boundary of the pitch
angle was 0.0873 rad (5°) and the lower boundary was —0.2618 rad (—15°). The desired
pitch angle was designed as 64 = 0.1396 * sin(0.5¢) — 0.0873. The initial pitch angle was set
to —5°.

When there were no uncertain model parameters and external disturbances in the
dynamic model of the pitch angle, the results of the pitch control are shown in Figure 10.

—NTSMBC wiih RBFNN
0.1 ~—NTSMBC 0.02 NTSMBC
NTSMC

NTSMC
PID PID
—BLC —8LC
—Ref N \
upper barrier line 0.088 rad
— lowier barrier line -0.262rad

pitch angle(rad)
pitch angle error(rad)

0 5 10 15 20 25 30 0 5 10 15 20 25 30
time(s) time(s)

(a) (b)

Figure 10. The pitch angle control. (a) The pitch angle control results of the four control methods
without the random lumped disturbance. (b) The pitch angle control errors without the random
lumped disturbance.
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pitch angle(rad)

As shown in Figure 10a, the results of the four control methods did not exceed the
safety boundary of 0.0873 rad (5°) and —0.2618 rad (—15°). As shown in Figure 10b, the
convergence time of the BLC was longer than other methods (pink line). PID control (green
line) had a tracking error about 0.01 rad. The convergence speed of NTSMBC was faster
than the BLC and the convergence time of error was about 7 s. When RBFNN compensated
for the NTSMBC output, the convergence speed of NTSMBC was faster than NTSMBC,
which required about 3 s. The results of the pitch control were similar to the roll angle
control results.

The robot pitch angular acceleration was subjected to a random disturbance with
a mean value of —1 and a variance of 0.1, which was to simulate the uncertain water
resistance, wind disturbance, and current. The control results are shown in Figure 11.

~——NTSMBC wtih REBFNN 0.2 “romag " REN
NTSMBC
—NTSMBC
NTSMC
SMC
s PID
—BLC
BLC
Rt X 0.15
upper barrier line 0.088rad
—lower barrier ine -0.262rad

o

=4
o
5

pitch angle error(rad)

I
w

1N

»
=]
o

15 20 25 30

. 0 5 10 15 20 25 30
time(s) time(s)
(a) (b)
0.05
~——NTSMBC wtih RBFNN|
~——NTSMBC
—BLC
)
S
S
5 A AAR,
o 0
=)
[
©
=
L
a
-0.05
0 5 10 15 20 25 30
time(s)
(c)

Figure 11. The pitch angle control in presence of the random lumped disturbance. (a) The pitch angle
control results of the four control methods with random lumped disturbance. (b) The pitch angle
control error with random lumped disturbance. (c) Local magnification.

As shown in Figure 11a, the PID controller had a large oscillation, and the maximum
tracking error was about 0.18 rad. NTSMC had about a 0.1 rad static error. The pitch
angle exceeded the lower limit of the safety boundary —0.2618 rad (—15°) when the robot
adopted the PID control and NTSMC. BLC (purple line) could control the pitch angle in the
safe range. However, it oscillated for a long time. NTSMBC ensured that the pitch angle
was smaller than the safety boundary. The oscillation was smaller than PID and NTSMC
and the convergence speed was faster than PID and NTSMC. As shown in Figure 11c, when
the control output of NTSMBC was compensated by RBFNN (red line), the maximum
tracking error was 0.02 rad, and the time of error convergence was about 2.5 s.

The output of the pitch angle RBFNN is shown in Figure 12:

When using the NTSMBC algorithm and the BLC algorithm to control the pitch angle
and roll angle, the control results oscillated. The reason was the boundary was too strict. In
fact, it is not necessary to set the constraint boundary completely according to the actual
limitation. The suitable boundary parameters k, and k;, can be selected to achieve the
purpose of constraint robot attitude. When controlling the roll angle, set the relaxation
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o
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roll angle(rad)
o
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boundary k;, = 0.15. Moreover, the random lumped disturbance with a mean value of —1
and variance of 0.1 was applied to the robot roll angular acceleration. The control results
are shown in Figure 13.

1

—RBFNN output
—Random Number

05
0
0.5
-

1.5l

lump disturbace

-2
-25

-3

0 5 10 15 20 25 30
time(s)

Figure 12. The output of the roll angle RBFNN. The red line is the output of the RBFENN, which could
approximate the random lump disturbance with a mean value of —1.

—NTSMBC wtih RBFNN —NTSMBC wth RBFNN
—NTSMBC 0.04 —NTSMBC
—NTSMC —BLC

—BLC 0.02

= —Ref
/ \ upper barrier line 0.21rad |
N —lower barrier line -0.21rad

roll angle error(rad)
: 5 S

o

N

15 20 25 30 0 5 10 15 20 25 30
time(s) time(s)
(a) (b)
0.05 —NTSMBC wtih RBFNN|
—NTSMBC
-NTSMC
0 — . PID

——BLC

o
o
a

roll angle error(rad)
. !
o
a

0.15
-0.2
0.25
0 5 10 15 20 25 30
time(s)
(c)

Figure 13. The control results of the roll angle control with relaxed boundary constraint. (a) The roll
angle control results of the four control methods with relaxed boundary constraints. (b) The roll
angle control error with relaxed boundary constraints. (c) Local magnification.

With the relaxed boundary, the roll angle control oscillation decreased. However, the
static error of BLC (purple line) and NTSMBC (blue line) was about 0.02 rad, as shown
in Figure 13c. This was because the boundary was too loose, while BLC exceeded the
set safety boundary, and NTSMBC was close to the set safety boundary. NTSMBC with
RBFNN compensation (red line) could follow the desired angle and had a fast convergence
speed and no static error or oscillation. Compared with the roll angle control with strict
constraints, choosing the appropriate constraint boundary can not only constrain the angle
state, but can also improve the performance of the controller.
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yaw angle(rad)
N ! o

4.2.3. The Yaw Angle Control of the CDR

The parameters of the yaw angle controller are shown in Table 3.

Table 3. Parameters of the yaw angle controllers.

Controller Parameter Value
PID klk'zll 10§ ’
ISMC ko, k3],qﬁflindex 5, 3%, 22, 3
AISMBC ko, ks, k]:v%, index 5, 5,1(()).,1% 2,3

The first row shows the angle controller parameters, and the second row shows the angular velocity controller
parameters. To compare the control results, PI and ISMC were adopted for the yaw angle controller. The
parameters of the RNFNN have been introduced in the previous section.

The desired yaw angular velocity was wgq = 0.2 rad/s. There was no uncertain lumped
disturbance before 20 s. At 20 s, a step disturbance of 1.5 was applied to the yaw angular
acceleration. The yaw angle control results are shown in Figure 14.

—AISMBC with RBFNN 0.04 — AISMBC with RBFNN
AISMBC AISMBC
PID PID
ISMC 0.03 ISMC

- - desird yaw angle

< 002

o
s
= 0.01| \\
5] 0 —
- 2 —"="
~ =) }
/ £-0.01 |
7 §-0.02 ‘
- -~ >
T -0.03
-0.04
20 25 30 35 40 0 5 10 15 20 25 30 35 40
time(s) time(s)
(a) (b)

Figure 14. The yaw angle control. (a) The control results of yaw control with the three control
methods. (b) The results of yaw angle tracking errors.

As shown in Figure 14, the desired yaw angular velocity was 0.2 rad/s; therefore,
the desired yaw angle changed from 0 to 7. At 20 s, a step disturbance was applied to
the acceleration of the yaw angle. The tracking error of AISMBC (blue line) was less than
0.01 rad. ISMC was about 0.025 rad, and PID control was about 0.04 rad. The AISMBC with
RBEFNN was almost unaffected by the step disturbance, as shown by the red line.

The yaw angular velocity control is shown in Figure 15.

As shown in Figure 15a, the robot could follow the desired yaw angular velocity with
the three methods, but there was an overshoot in the PID control and ISMC. At 20 s, the
step disturbance was applied to the yaw angle acceleration, and the PID controller (orange
line) exceeded the safety boundary. The maximum tracking error of ISMBC (green line)
was about 0.08 rad/s. The maximum tracking error of AISMBC (blue line) was about
0.05 rad/s. The maximum tracking error of AISMBC with RBFNN compensation (red line)
was 0.03 rad/s. The adaptive gain of AISMBC is shown in Figure 15c. When the angular
velocity tracking error was small, the gain of the sliding mode was almost zero. When the
disturbance was applied, the gain of sliding mode increased. Therefore, the robustness
of AISMBC improved. The adaptive gain of AISMBC with the RBFNN compensation is
shown in Figure 15d. The controller output was compensated by the RBFNN. Thus, a large
sliding mode gain was not needed. The output of the RBFNN is shown in Figure 16.

To further verify the robustness of the controller, the random disturbance with a mean
value of 1.5 and a variance of 0.1 was applied to the yaw angular acceleration to simulate
the uncertain lump disturbance. The yaw angular velocity control is shown in Figure 17.
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0.35

As shown in Figure 17a,b, the PID controller (orange line) exceeded the boundary
0.3 rad/s, and the ISMC (green line) had an overshoot of about 0.08 rad /s, which was close
to the safety boundary. Compared with AISMBC, the PID control and ISMC had a weaker
ability to suppress the noise. The adaptive gain of AISMBC is shown in Figure 17c. The
adaptive gain of AISMBC with RBFNN is shown in Figure 17d.

The output of yaw angular velocity RBFNN is shown in Figure 18.

—AISMBC with RBFNN

——AISMBC ~——AISMBC with RBFNN
\ PID 0.35 ::2”‘“
IsMC K
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Figure 15. The results of the yaw angular velocity control with the step disturbance. (a) The results
of the three control methods for the yaw angular velocity. (b) Local amplification of the yaw angular
velocity control results. (c) Adaptive gain of AISMBC. (d) Adaptive gain of AISMBC with RBFNN.
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Figure 16. The output of the yaw angular velocity RBFNN. At 20 s, the acceleration of the yaw angle
was subjected to a step disturbance of 1.5.
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Figure 17. The control results of the yaw angular velocity with the random lumped disturbance.
(a) The control results when the acceleration of yaw angle was subjected to the random lumped

disturbance. (b) Local amplification. (c¢) Adaptive gain of AISMBC. (d) Adaptive gain of AISMBC
with RBFNN.
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Figure 18. The output of yaw angular velocity RBFNN. The mean value of random disturbance is 1.5.

4.2.4. The CDR Tracks the Circular Desired Trajectory on the Water Surface

The desired trajectory was designed as a circular trajectory with the radius R= 10 m
and a yaw angular velocity w = 0.2 rad/s. The desired position is defined by Formula (36):

{ Xy = Rk sin(w *t)

Yr = —Rxcos(w *t) (36)

The desired yaw angle is:

Pq= atan2(dy, dx;) (37)
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where dx; is the differential of x;. dy; is the differential of y;. The desired pitch angle and
roll angle can be calculated by Formula (38):
{ $a= asin((xacc* Sin(1Pq) — Yacc* cos(Pg))*m/uy) (38)
0= asin((xacc * m — uy * sin(Pq) * sin(Pq))/ (11 * cos(Pq) * cos(¢g)))

where Xacc, Yace are the desired accelerations output by the position loop. When the robot
flies on the water surface, u; is a fixed constant, the buoyancy provides additional support.
Definition u; = 0.5 mg/(cos ¢ cos ). The control structure of the CDR is similar to the
traditional quadrotor; we also adopted the position outer loop and the attitude inner
loop. In the position outer loop, we used the PD controller to obtain x,cc and yacc. The
initial attitude of the robot was setto® = [0 0 0], and the initial position was set to
I=[-2 -8 0]

It should be noted that the proposed algorithm is also applicable to the controller of
a robot in the air. The attitude angle of the robot in the air need not be strictly constrained.
For example, if the pitch angle of the robot on the water surface exceeds —15°, the cabin
floods. However, the pitch angle of the robot flying in the air can be up to —30° because
the RBFNN can approximate any nonlinear function. When the robot flies in the air, the
lumped disturbance caused by the uncertain model parameters and the wind disturbance
can be obtained by the RBFNN.

The random lump disturbances with the mean value of 1 wereapplied to the acceler-

ation of roll angle and acceleration of pitch angle. The main parameters of the robot are
shown in Table 4.

Table 4. The main parameters of the robot.

Model Parameter Value Unit
m 3 kg
Ix 0.083 kg-m?
Iy 0.074 kg-m?
I, 0.113 kg-m?
1 0.25 m
b 0.25 m

The robot trajectory tracking is shown in Figure 19.
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Figure 19. Cont.
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Figure 19. The robot tracks the desired trajectory on the water surface. (a) The position control results
of the X-axis. (b) The position control result of the Y-axis. (c) The trajectory tracking error of the
X-axis. (d) The trajectory tracking error of the Y-axis. (e) The robot tracks the desired trajectory by the
proposed control method.

In this case, the robot tracked the desired position with the three control methods. The
position control results are shown in Figure 19a,b. The desired positions are time-varying.
Thus, it takes the response time for the actual position to follow the desired position. When
the time delay is not considered, the errors of the position control are shown in Figure 19¢,d.
The errors of the trajectory were less than 0.1 m. As shown in Figure 19, the robot followed
the circular trajectory, and the desired trajectory coincided with the actual trajectory.

The control results of the roll angle and the pitch angle are shown in Figure 20.
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Figure 20. The control results of the roll angle and the pitch angle. (a) The control results of the roll
angle. (b) The control results of the pitch angle.

20 25 30 35 40 45 35 40 45 50

SMC and BLC exceeded the safety boundary. The proposed control methods could
control the roll angle and the pitch angle to track the desired angle. The control results of
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the pitch angle and roll angle were explained in detail in the previous section; therefore,
they are not introduced in this part.

The control results of the yaw angle and yaw angular velocity are shown in Figure 21.
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Figure 21. The control results of the yaw angle and yaw angular velocity control. (a) The control

results of the yaw angle. (b) The tracking error of the yaw angle. (c) The control results of the yaw
angular velocity.

As shown in Figure 21a,b, the tracking error of yaw errors were 0 rad, but the noise
suppression effect was the best by the proposed control method (red line). In Figure 21c,
there was no overshoot in the yaw angular velocity control when the proposed control
method was adopted. The outputs of the proposed controllers are shown in Figure 22.

20 —ll

§10[\ —uif

s 0 ‘

=-10 —

0 5 10 15 20 25 30 35 40 45 50

time(s)

E05

3 —u2

Y ; = =

i<}

=05

@ 0 5 10 15 20 25 30 35 40 45 50
time(s)

€05

E L 7us

g0 = q

s |

505

g O 5 10 15 20 25 30 35 40 45 50
time(s)

£0.05 o

2 ud

§ 0

§0.05

s I | | |

S 0 5 10 15 20 25 30 35 40 45 50
time(s)

Figure 22. The control outputs of the proposed controllers.
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The mass of the robot was 3 kg, the output u; was about 15 N at stable state. The
buoyancy provided additional support to offset the gravity of the robot. We applied
a random disturbance with a mean value of 1 to the attitude angular acceleration, and the
robot needed to generate a mean value of —1 rad/s? angular acceleration to counteract
the disturbance. Therefore, the output torque 1, and u3 were about —0.1 N-m. The output
torque u4 was about —0.05 N-m.

5. Conclusions

In this paper, a non-singular terminal sliding mode asymmetric barrier control (NTS-
MABC) was proposed to constrain the roll angle and the pitch angle of a cross-domain
robot flying on a water surface to prevent the robot cabin flooding or overturning. For the
uncertain lump disturbance, the RBFNN was designed to compensate for the controller
output. The proposed control algorithm could constrain the state of the system, and in-
herited the advantages of NTSMC, such as an insensitivity to model parameters and fast
error convergence. The yaw angular velocity was constrained by the adaptive integral
sliding mode barrier control (AISMBC) to prevent the saturation of the actuators and the
robot rolling over due to a large yaw angular velocity. The gain of the sliding mode was
adaptively increased to improve the robustness of the system. The convergence proofs of
the proposed controllers were presented. By comparing with other control methods, the
effectiveness of the proposed control algorithms was verified.

In further work, a barrier control algorithm with a soft constraint should be considered.
When barrier control is adopted, the system is unstable if the actual state exceeds the
constraint boundary. This is the limitation of the proposed algorithm. Therefore, it is
necessary to consider the situation that the actual state exceeds the boundary. In addition,
the control input of the actual system is limited; it is indispensable to consider the barrier
control algorithm with input constraints.
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Nomenclature

Symbol  Description Unit
X, Y,z longitudinal, lateral, and altitude motions in Earth-coordinate frame, respectively. m

¢, 0,9 roll, pitch, and yaw angles in Earth-coordinate frame, respectively. rad
p.qr roll, pitch, and yaw rotational velocities in body-coordinate frame, respectively. ~ rad/s
Ix, Iy, I roll, pitch, and yaw inertia moments. Kg-m2
g gravity acceleration m/s?
) distance between quadrotor center mass and the axis of the propeller M

up, uz, gy  aerodynamic roll, pitch, and yaw moments, respectively N-m
Uy lift force N

wi rotor i velocity, i = {1, 2, 3, 4} rad/s
b distance between the left wheel with the right wheel m

wl, wr motor velocity of the left wheel and the right wheel rad/s
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