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This paper develops a safety-guaranteed trajectory tracking controller for hovercraft by using a safety-guaranteed auxiliary dynamic
system, an integral sliding mode control, and an adaptive neural network method. The safety-guaranteed auxiliary dynamic system
is designed to implement system state and input constraints. By considering the relationship of velocity and resistance hump, the
velocity of hovercraft is constrained to eliminate the effect of resistance hump and obtain better stability. And the safety limit of
drift angle is well performed to guarantee the light safe maneuvers of hovercraft tracking with high velocities. In view of the natural
capabilities of actuators, the control input is constrained. High nonlinearity and model uncertainties of hovercraft are approximated
by employing adaptive radical basis function neural networks. The proposed controller guarantees the boundedness of all the
closed-loop signals. Specifically, the tracking errors are uniformly ultimately bounded. Numerical simulations are implemented to

demonstrate the efficacy of the designed controller.

1. Introduction

A hovercraft (Figure 1) is supported totally by its air cushion,
with a flexible skirt system around its periphery to seal the
cushion air [1]. The hovercraft is able to run at high speed over
shallow water, rapids, ice, and swamp where no other craft
can go. These “special abilities” have attracted many military
and civil users with particular mission requirements. The
study about the safety-guaranteed trajectory tracking control
of underactuated hovercraft moving with high velocities
is meaningful and challenging to reduce the burden of
pilot.

From a detailed review of the available literatures about
the trajectory tracking control of hovercraft [2-8], only posi-
tion errors were considered and the velocities of hovercraft
were not controlled. However, the velocity is related to the
resistance hump of hovercraft. From [9], the resistance hump
occurs in the vicinity of Froude number F, = 1 which can
be calculated by F, = V/+/gl., where V is the velocity of
hovercraft and I, is the cushion length. From [10], two
resistance humps (mainly caused by wave-making drag) are

encountered for hovercraft during the acceleration process. It
is shown in [1] that the resistance hump will be crossed as F,
increases and the craft will travel with better course stability
and transverse stability. Hence, the velocity of hovercraft
needs to be large enough, corresponding to large F,, to avoid
the resistance hump and hold the better stability.

Moreover, drift angle plays a key role in the high-speed
moving process of hovercraft [11, 12]. If the drift angle exceeds
the angle of drift which corresponds to the maximum of
hydrodynamic forces, the behavior of hovercraft will be
nonstable [13]. The dangers caused by the drift angle include
stern kickoff, plough-in, and great heeling [11]. Hence, safety
limit of drift angle must be strictly obeyed in the high-
speed tracking process to ensure safe maneuvers of hovercraft
[12]. For instance, safety limit of a hovercraft shows if speed
exceeds 40 knots, turning is not allowed; if speed is in the
range of 25 knots~35 knots, drift angle needs to be within the
limits of 7.5°~2°.

Besides, from a practical viewpoint, the control input is
restrained to prevent the actuators from going beyond their
natural capabilities [14, 15]. And radical basis function neural
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FIGURE 1: A 3D model of hovercraft. Photo is from the international
cooperation project described in Acknowledgments.

Yaw moment

FIGURE 2: Diagram of underactuated hovercraft.

networks (RBFNNs) are used to stabilize complex nonlinear
dynamic systems and deal with model uncertainties [16-18].
The contributions of this paper are as follows:

(i) The velocity of hovercraft is controlled within a rea-
sonable range to avoid the effect of resistance hump
and keep better stability.

(ii) The safety limit of drift angle is obeyed to get light safe
maneuvers of hovercraft moving with high velocities.

(iii) The control input is constrained to handle input
saturation.

This paper is organized as follows. Section 2 establishes a non-
linear model of underactuated hovercraft and the transfor-
mation of it. Section 3 proposes a safety-guaranteed auxiliary
dynamic system for state and input constraints. Moreover, the
controller is designed and analyzed in this section. Numerical
simulation results are shown in Section 4, and the conclusion
is discussed in Section 5.

2. Problem Formulation

2.1. Hovercraft Model Description. In general, only air pro-
pellers and rudders are available for hovercraft as shown in
Figure 2. It means only the surge and yaw can be regulated
directly, but without any actuators for their sway motion
(19, 20].
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The nonlinear model of hovercraft is obtained by neglect-
ing the roll and pitch motions.
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the signals u, v, and w represent the surge, sway, and heave
velocities, r is the turn rate, x, y, and z denote the position of
hovercraft’s mass center in the earth fixed frame, y describes
yaw angle, m and J, are hovercraft's mass and moments of
inertia, 7, and 7, are the control inputs which are provided
by the actuators, p. is the average cushion pressure, S, is

the cushion area, and [R, R, R, RT]T are the total drags
written as
Rm = PQVHQ’
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where the drag’s suffix a is the aerodynamic profile drag, wm
is the wave-making drag, m is the air momentum drag, sk is
the skirt drag, C,;, C,4, Cpa» Cras Cypy> and C are the drag
coeflicients, B, is the cushion beam, [, is the cushion length,
G is the weight, Spp, S p, and Syp are the positive, lateral, and
horizontal projection areas, 3 is the drift angle, Q is the fan
flow rate of cushion fan, h is the distance between baffle and
the bottom of skirts finger, [y is the total peripheral length
of the skirts, Hy, is the height of hovercraft, p, and p,, are
air and water density, and (x,, ¥,), (X,.> ¥,)> (Xyom> Ywm)> a0d
(x40 Vo) are the coordinates of force’s acting points.
V,and V, in (3) can be obtained by
v

a

= [+ Vcos (By - )] + [v+ Vysin (B, - )] @)

vV, = \/\_/z +w?,

in which V,, and 3, are absolute wind speed and direction.
More details can be found in [1, 9, 21].

Remark 1. When a hovercraft is moving on a calm water
surface, cushion pressure p, varies within a narrow range and
the heave motion is stable. This paper is the research about the
horizontal motion of the hovercraft. Hence, the heave motion
is not discussed and the cushion pressure p, is assumed to be
a constant.

From Figure 2, we have

v=utan(p). (5)

In order to make 3 be the system state and more convenient
for the constraint and control of 3, an improved model is
derived from (1) and (5); that is,

[ty 2 9] =S [u utanf w ",
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2.2. State and Input Constraints. Saturation nonlinearities of
actuators can be described by

To = sat (Twc’ Tocmax> Twcmin) , @=ur, (7)

where 7., and Ty, are the maximum and minimum
limitations of actuators, 7, are the designed control laws, and
sat(-) is a generalized saturation function with the following
form:

oy, if o> oy,

sat (o, ayp0,) = 1o, if o, Sa <oy, (8)

« if @ <ay,

m>

Assumption 2. All position, orientation, velocity, and acceler-
ation values of hovercraft are available for feedback.

Safety limit of 8 and hump speed of hovercraft need to
be obtained from model and real ship tests [11, 12]. In this
paper, they are assumed to be known and available for the
state constraint. Then the safe constraints of system state are
defined as

Upin SULU

ﬁmin < ﬁ < ﬁmax'

max?>

€)

3. Controller Design

3.1 Safety-Guaranteed Auxiliary Dynamic System

Proposition 3. A constraint error function is designed as fol-
lows:
Ax = kwl (Sat (x> Ximax> xmin) - x)
(10)
+ kw2 (Sat (uc’ Ue max> ucmin) - uc) >

where k,,; > 0, k,, > 0, x is the system state, and u, is the
designed control input.
Then an auxiliary dynamic system is designed by
9() + kg A’
kg - ————
&

deadzone (Ax, o),

E+Ak, [E] 2o

8l <o

where § is the state of the auxiliary dynamic system, kg, kg, are
positive constants, o, @ are positive small design constants, 9(-)
can be derived from the stability analysis, and deadzone(Axk, o)
is a dead zone function given by

E= (11)

Ax, if Ak >0,
deadzone (Ax,0) = 10, if —0<Ak<o, (12)
Ak, if Ak <o.

3.2. Design of the Desired States. Desired reference trajectory
is generated by a virtual ship described in the following form:

X4 cosyy —sinyy 07 [tUgge
Ya | = |sinyg cosyy Of | Vi |- (13)
1/./,1 0 0 1 Tdset



Then the trajectory tracking errors are defined as

(%5 ye) = (x = X35 ¥ = ¥a) - (14)

For the position tracking, the desired states are designed by

Ug = (xd - kx 'xel Sign (xe)) cosy + (yd - ky |ye|
-sign (y,.)) siny,

xd - kx |xe| Sign (xe) (15)

B4 = arctan <— sin

Ug

Ya =k, |y.| sign () )
+ cosy |,
Ug

where k, > 0 and k, > 0 are control gains.

Remark 4. To guarantee the traceability of the reference
trajectory under state constraints, the desired reference tra-
jectory needs to satisfy the following conditions:

(C1) n4, 14, and 7, are all bounded, in which #; = {x,,
Ya> Yal-
(C2) There exists T, > 0 such that, forallt > T,,

Unin < Uy <u

max>

/Smin < /-;d < /3max'

(16)

3.3. Controller Design. State tracking errors are defined as

e, = U — Uy,
17)
ég = B - Ba-
Then two integral sliding mode manifolds are given by
t
s,=e,+A J e, dt,
i 18)

t
s, =égtAregt Ay L egdr,

where A,, ,, and A, are positive constants.
Using (6), (17), and (18), the time derivatives of s, and s,
are expressed as

S, =¢6,+Ae,
(19)
= fu (Xu) + MuTu + MuRu - ud + /\leu’

S.r = eﬁ + Azeﬁ + A3e‘3

i (20)
= fr (Xr) + MrTr + Drw - ﬁd + AZeﬂ + ASeﬁ’
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where

fu(x) =urtanf, x,=[wpr],

i — i sin (23) - %; cos (28)

fr (Xr) ==
+ Brsin (2B), x, = [u, U, i, 1, ﬁ,ﬁ]T,

1
M, =—,
m (21)
2
M, = -5F
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3R, sin (2 R, — R
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To deal with high nonlinearity and model uncertainties,
f.(x,) and f,(x,) are approximated by RBFNN.

fo(xp) = WiTH, (x) + €00 @ =7, (22)

where x, € R is the input vector and W}, € R" is the ideal
weight vector. Hy(x,) : R — R" is the basis function vector
with element #;,(x,) shown as follows:

hip (xp) = exp <_ "X,a — ;‘i_w” ) > (23)

2cri

where p,, is the center of the receptive field and o; is the width
of the Gaussian function. The approximation error &, satisfies
leal < en-

Using (10) and (11), constraint error functions are
designed as follows:

AKu = kwul (Sat (u’ Umax> umin) - u)
+ kwu2 (Sat (Tuc’ Tuemax> Tucmin) - Tuc) >

Ax, =k (sat (ﬁ’ Brmaxs ﬁmin) - /3)

+ kwrZ (Sat (Trc7 Tremaxo Trcmin) - Trc) >

(24)

where k,,,,, > 0, k,,, > 0, k,,; >0,and k,,,, > 0.
Then the auxiliary dynamic system is designed as

Lo

. 2
<—k§m§D — %gw + A;c@>, Ia|l = o, (25)
@

deadzone (Ax,,7), lall < o,

where 9,(-) = [Mgspllty — Tl and @ = u, 1.
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Finally, the control laws are given by

15— Sign (Su) + ad - Aleu - MuRu
u (26)

- WZHu (Xu) — &y sign (su) + ksugu) >

(Bd - kzsr

1 . .
Tre = M — 1 s1gn (Sr) - )‘2‘3/3 - Drw
’ (27)

- /\36,8 - WZHr (Xr) — &N Sign (Sr) + ksrgr) >

where k,, ky, 1, 1> ko, and k, are positive constants, W, =
W, + W, W, =W, + W7, and D,,, is defined in (20).
And the adaptive laws are

W@ = YoSoHp (Xp) @ =u,7, (28)

where y,, is the adaptive coefficient.

3.4. Stability Analysis

Theorem 5. If the state tracking errors (17), the desired states
(15), the auxiliary dynamic system (25), the surge control law
T, (26), the yaw control law t,. (27), and the adaptive laws
(28) are applied to the hovercraft system represented by (6)
and, for any bounded initial condition, the closed-loop control
system signals s, s, &, &, e, ep, X, ¥, and W, and w,,
i = 1,2,...,n, are umformly ultimately bounded (UUB).
The position and desired state tracking errors can be made
arbitrarily small by appropriately selecting design parameters.
And the yaw motion will remain bounded.

Proof. The following Lyapunov function is defined:

V= 1s + = 1 W W + —W s i;'
2 2 2y 2y,
(29)
1
From (19), (20), and (29), V can be expressed as
V =Sy (fu (Xu) + MuTu + MuRu - ad + /\leu)
+s, (fr (xr) + MrTr + Drw - ﬁd + /\26[3 + /\36[3) (30)
w'w, W'Ww,
2y T +E, f +&, E
Yu Yr

By defining 7, = AT, + 7,5, and @ = u,  and using (22), (26),
and (27), we have

V= —klsi =1 |su] + 5, (—W:Hu (xu)) + M,s,AT,

su uE + —N |5u| + susu) - kZSf ) lsrl

+, (—WrTHr (x,)) + M,s,At, + k,,s,&,

(31)

+(—en|s,| + &5,) + iWZWu + leWT
Y

u r

+ Euéu + Erér‘

5
By using |e,| < &y and @ = u, 7, (31) can be rewritten as
. 2 T
V< _klsu -m |Su| +s, (_WuHu (Xu)) -
T
— 1y ls,| +s, (Wi H, (x,)) + M,s,AT,
1 —r= (32)
ksususu + MrSrATr + kerrEr + _szu
u
1 =T . .
+ _Wr Wr + Eugu + ErEr‘
r
Substituting adaptive laws (28) into it yields
V < ks> + Ms, A1, + k5,8, + E,E, — kys )
33

+ M,s, A1, + kg,s,&, +§rér.

Srer

The process of stability analysis is, respectively, discussed in
the following two cases.

Case 1. When [[€,|| > o, in light of (25) and Young’s inequality,
we have

2 2
- k&mfw - kfozAKw

- |Mwsw| |Tw - T(Dc|

Ewéw = §pAky

1
< ki + 8

2 2
4k§ } - kftDle - k{sz’%
@

(34)
- |M@s®| |Tw - Twc|

1
_ (km1 - %) Eé = | Maso| |70 = Tae| -

Substituting 7, = A7, + T, and (34) into (33) and using
Young’s inequality yield

V < _klsi + ksusufu - kEul - ; 5124 - kZSf
4k,

1 2
4k€r2 > ET

1
<—(k,-05)s] - (k‘fu1 e o.skfu) g

+ ksrsrfr - (kfrl -

(35)
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where
o B IR S
py = min {(k1 0.5), (k5u1 e O.Sksu) ,
)
k, =0.5),| kepy — —— — 0.5, | ¢, (36)
( 2 ) ( &rl 4k&2
p = MR, + e,

Case 2. When [I€,]| < o, in light of (25) and Young’s ine-
quality, we have

£,€, = Eydeadzone (Akp, 0) < 0.5E +0.5AK5,
0.5k208% = k2o &2 — 0.5k2,E < 0.5k, 82 + k207 &7
Substituting (37) into (33) and using Young’s inequality yield
V < ks> + Mys,At, + ky,s,&, +0.58 + 0.5A1
— k87 + M, s, AT, + ks, + 058 + 0.5AK
<—(ky—1)s2—(ky—1)s) + 0.5M AT
+0.5M>AT +0.5k% £ +0.5k7 & + 0.5
+0.5AK> + 0.587 + 0.5A” (38)
<—(ky-1)s, — (ky - 1) s} - 0.58 (K2, - 1)
- 058 (k;, - 1) + 0.5M AT, + 0.5M Az
+k2 0" +k..o" +0.5AK + 0.5AK
< =2u,V + p,,
where

pp =min {(k; - 1), (0.5k2, - 0.5), (k, - 1),

(0.562 - 05)},

ki—~r— ky—7~—
Py = 2WIW, + 2W'W, + 05M A7 (39)
Yu Yr
AR + Ak
+0.5M AT + (kfu + kf,) o+ %
Synthesizing (35) and (38), we have
V <-2uV +p, (40)

where ¢ = min{y,, u,} and p = max{p,, p,} with the design
parameters ky, ky, k., kg, Kgy15 kiyos kiyq> and kg, satisfying

su> tvsr?

ky>1,
ky > 1,
kg, > 1,

ko, > 1,
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1

ks, — —— — 0.5k >0,
Eul 4k£u2 su

ke — —— — 05K >0

&rl 4k&2 S sr .
(41)

Solving (40), we have
o<V <L+ [V(O) - ﬁ] e, (42)
2p 2u

It is obviously seen that V(¢) is UUB for all V(0) < B, with
By, being any positive constant. Therefore, in the light of (29),

we know that s, s,, ,,, &, and W, and @,,,i = 1,2,...,n, are
UUB for all V(0) < B,,. It can be expressed as
P P o
X g\j—+2[V(0)——]e ut, (43)
Il <2 L

Where X = {Su’ Sr>£u>£r’ iUiu’ wir .
It implies that there exists T' > 0 such that, for all t > T,

Il < J P (44)

u

where +/p/p can be made arbitrarily small by appropriately
selecting the design parameters.

Further, the following dynamics are obtained from (18)
and (44):

t
e, +A1J e, dr =g,
0
. (45)

Eﬁ + AZEﬁ + A3 J’O eﬁ dT = Sﬁ,

where €, and & are arbitrarily small errors.

To prove that e, and eg are UUB, the Lyapunov function
is given by

t 2 1 )
L e, dr) e (46)
The time derivative of this Lyapunov function along the
dynamics in (45) is such that

. t

V. =e, Jo e, dT +egég
2

t t
=—/\1<J eud‘r> —)tzefﬁ’fuj e,dr  (47)
0 0

t
- )L3€ﬁ J el; dr + Sﬁeﬁ.

0
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From Young’s inequality, the following fact is obtained:

2

t t 2 €
g, J e, dr < 0.5, <J e, dT) + 0.5/1—”,
0 0 1

egeg < 0.25A26z + 1
2

Then
2

. ¢ 2 €
V. < -0.51, (J e, dT) —0.251,¢5 + 0.5
0 Ay

(49)
N VL&
+ 0.5/\—2 (L eg dT) + A—z = 2u Vi + ps
where
s = min {0.51;,0.251,},
2 (50)

t 2 gﬁ
egdt ) +—.
fpeser) +3
Similar to the analysis in (42)~(44), there exists T; > 0 such
that, forallt > T,

2
€ A
p =054 +052 (
M 2

x|l < J P (51)

u’
t
where y, = {fo e, dr,eg}.
It is obvious that Iot e, dt and eg are UUB and will be
arbitrarily small by choosing suitable parameters.

Froms, =e, + 1, fot e, dt, we know e, will be arbitrarily
small. From (6) and (15), we have

U-u _ [ %, + Kk, |x,|sign (x,
d ]: ' ||.g(),(52)
utan 3 —u,tan S, Ve +k, |ve| sign (5.)
where
_ cos sin
R=[ v ‘”]. (53)
—siny cosy

It is clear that |R| = 1 which indicates that it is nonsingular.
Then we have

%, = -k, |x,| sign (x,) + £
. . (54)
Ye = _ky |ye| sign (ye) + Eyp>

where &,,, €, are arbitrarily small errors.
Furthermore, consider the following Lyapunov function
candidate:
1

2 1 2
VP = Exe + Eye. (55)

The time derivative of V,, along the dynamics in (54) is such
that

Vp = xexe + ye)./e
= Xe (_kx |xe| Sigl‘l (xe) + sxh)

Ve <_ky |ye| Sigl’l (ye) + syh)

=k, |xel2 - ky |J’e|2 T Xe&xp T Velyp (56)
2
< 0.5k, [x,[* - 0.5k, [y, [ + % + 2%
=2V * Pp
where
u, = min {0.5k,, 0.5k, },
o )
Pp = E %

Also similar to the analysis in (42)~(44), there exists TP >0
such that, for all ¢ > TP,

ra
bl <2 &

where x, = {x,, y.}.

From the reason that ¢, and ¢, are arbitrarily small
errors, we know that x, and y, are UUB and will be arbitrarily
small.

Also, u is continuously differentiable in the moving
process of hovercraft. Hence, 1 is bounded. From (6), we have

R, +1

i =urtan () + % (59)

From (15), Remark 4, and the boundedness of x, and y,,
we have that u; and f; are bounded. Then u, v, and f3 are
bounded from (5) and (17). Furthermore, R,, is bounded from
(3). Therefore, it can be concluded that  will remain bounded
from (7) and (59). This concludes the proof. O

Remark 6. In order to avoid the well-known chattering
problem, the sign function used in the control laws (26) and
(27) can be replaced by hyperbolic tangent function which
is continuous such that sign(s) = tanh(kys), where ky is
a positive scalar which can be chosen to get a very good
approximation.

4. Simulations

Two different cases are implemented to verify the effective-
ness and superiority of the proposed controller. In simula-
tions, the main particulars and constraints of hovercraft are
shown in Tables 1 and 2. The water surface is calm without
waves.
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TABLE 1: Main particulars of hovercraft.
m (kg) 40000
J, (kgm?) 1.8 x 10°
Spp (m?) 45
S;p (m?) 93
Sgp (m?) 260
Q (m?/s) 140.8
V,, (knots) 10
I (m) 65
B, (m) 8.9
I. (m) 23.6
h (m) 1
H,., (m) 5.9
S, (m?) 212
B, (deg) 45

TABLE 2: State and input constraints.

Variable Maximum Minimum
u (knots) 40 25
BB (deg) 8 -8
7, (N) 80000 ~80000
7, (Nm) 1x10° -1x10°

The comparisons of three different methods are carried
out in each case. The legend “Method A” means the method
in [14]; the legend “Method B” means the method without
state and input saturation constraints.

Saturation coeflicients are

kg, =12,
Kyur =1,
k.o = 903000,
kg =31,
k,, = 1.2,
Ky =1,
Ky = 650300, (60)
kg = 38,
kg, = 0.08,
kg, = 0.08,
o=3,
o=1

Case 1. The reference trajectory parameters are

x4 (0) = 300 m,
94 (0) =100 m,

Mathematical Problems in Engineering

¥4 (0) =457,
Ugeer () = 35 knots,
Vaset () = 0,
Tgset (1) = 0.
(61)
The initial values of hovercraft model are
x(0)=0,
y(0) =0,
v (0) = 70°, .
u (0) = 35 knots,
B(0) =0,
r(0) = 0.
The controller parameters are
k, = 0.6,
ky = 0.6,
k, =11,
1, = 0.25,
AL =2,
(63)
k, =12,
1, = 0.5,
A, = 30,
Ay =6,
ey = 0.5.

It is observed from Figures 3-8 that the proposed trajectory
tracking controller is effective. Tracking errors of all three
methods converge to arbitrarily small values and heading
angle is bounded. From the comparisons with Methods A
and B in Figures 9 and 10, the proposed controller can
limit the surge speed and the drift angle into the safe range
effectively. Figures 11 and 12 show that the input saturation is
also handled by the proposed controller.

Case 2. The reference trajectory parameters are

x4 (0) = —200 m,
y4(0) =50m,
¥, (0) = 45,
(64)
Ugeer (£) = 35 knots,
Vdset (t) =0,

¥ dset (t) = O.IO/S.
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FIGURE 5: The surge position tracking error.

The initial values of hovercraft model are

x(0) =0,

y(0) =0,

v (0) = 30°, )
u(0) = 35 knots,

B(0) =0,

r(0) = 0.

The controller parameters are

k, = 0.6,
k, = 0.6,
k, = 1.53,

1000
g -
= . — .
-500 ; ; ; ; ; ;
0 200 400 600 800 1000 1200 1400
Time (s)
-~ Proposed controller
--- Method A
Method B
FIGURE 6: The sway position tracking error.
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FIGURE 7: The surge velocity tracking error.
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FIGURE 8: The drift angle tracking error.

m = 0.1,
A, =4,

ky, =12,
1, = 0.5,
A, =30,
Ay =2,

ey = 0.5.

(66)

It is obvious from Figures 14-19 that only the proposed
controller can track the trajectory successfully. Figures 20 and
21 show that the surge speed changes to negative values and
the drift angle exceeds the safety limit in the tracking control
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FIGURE 11: The surge control law of hovercraft.

process of Methods A and B. These are absolutely not allowed
for hovercraft. In contrast, you can see from Figure 20 that
surge speed can still be positive, even large enough to avoid
the influence of the resistance humps under the control of the
proposed controller. And drift angle is also within the safety
limit from Figure 21. From Figures 22 and 23, we know that
the input constraint ability of the proposed controller is effec-
tive. Figures 13 and 24 show the heave position of hovercraft.

5. Conclusion

A safety-guaranteed trajectory tracking controller has been
proposed for underactuated hovercraft in this paper. The
safety-guaranteed auxiliary dynamic system is designed to
deal with state and input constraints. The velocity of hov-
ercraft is constrained to eliminate the effect of resistance
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R
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- 2} [ ]
S -10 !5_7 777777 s
vl
0 10 20
_4 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400
Time (s)
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--- Method A
Method B
FIGURE 12: The yaw control law of hovercraft.
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FIGURE 13: The heave position of hovercraft.
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FIGURE 14: The actual and desired trajectory of hovercraft.
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FIGURE 15: The heading angle of hovercraft.

hump and obtain better stability. The safety limit of drift
angle is carried out effectively for safety in the high-speed
trajectory tracking process of hovercraft. The input saturation
is handled. High nonlinearity and model uncertainties are
approximated by RBFNNs. Simulation results have been
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presented to illustrate the effectiveness of the proposed con-
troller.
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