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Abstract: Autonomous landing for unmanned seaplanes safely in severe sea states has been a great challenge for decades. A new
autonomous landing system of an unmanned seaplane based on active disturbance rejection control (ADRC) is presented in this
paper. Firstly, different landing phases of the unmanned seaplane are analyzed. Then according to the characteristics in the
different phases, the autonomous landing system consists of a velocity control subsystem and an attitude control subsystem. The
velocity control subsystem consists of a velocity ADRC controller and a throttle switch module, while the attitude control
subsystem consists of a pitch angle ADRC controller, an altitude PID controller, a pitch angle switch module and a T-S fuzzy
reasoning module. Simulations are performed in calm water and irregular wave. The simulations results show that the proposed
control system is capable of making the unmanned seaplane land successfully with satisfactory performance.
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Introduction

Unmanned seaplanes, a new type of vehicles that can
achieve autonomous takeoff and landing on water, have
attracted considerable attention in recent years. Many
unmanned seaplanes have been developed, such as Sea
Scout, Gull, Flying Fish [1, 2] and so on. Compared with
land-based flying vehicles, the typical advantages of
unmanned seaplanes are their water movements and water
resident operational capability. Hence, they have been
widely applied in both military and civilian field, including
maritime surveillance, anti-submarine warfare, emergency
transportation, ecosystem monitoring and so on [3-5].
For an unmanned aerial vehicle (UAV), landing is the
most dangerous stage during a flight. Automatic landing
system has been developed to achieve landing on the ground
safely for common UAV. Many design approaches were
proposed to implement an automatic landing control system,
such as PID control [6], LQG/LTR control [7], nonlinear
dynamic inversion control [8], intelligent control [9, 10] and
so on. However, so far as we know, there is no systematic
and comprehensive public literature on landing control
system design for unmanned seaplanes except limited
studies. The Flying Fish adopted open loop control strategy
in the landing stage without considering the effect of sea
waves, whose elevator was maintained the maximum [11].
Nebylov developed the technology of landing mode
optimization for seaplanes and summarized the optimal
landing direction in different wave disturbance, but didn’t
give related landing system design methods [12].
It is a great challenge to achieve autonomous landing for
unmanned seaplanes in high sea states. Firstly, at the
moment that the unmanned seaplane contacts on water
surface, the hydrodynamic impact is very large. Dynamic
instability phenomenon easily occurs if the attitude of the
unmanned seaplane is not kept in a proper range, which will
*
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lead to the damage of airborne equipment and fuselage
structure. Secondly, after landing on water, the wave
influences on the unmanned seaplane are so extremely that
the unmanned seaplane may jump from wave crest and fall
down to wave surface. Therefore, the autonomous landing
control system should be able to reduce the hydrodynamic
impact with water surface and improve the anti-waves
capability of the unmanned seaplane in severe sea states [3].
Active disturbance rejection control (ADRC), inspired by
classical PID control, absorbs the results of modern control
theory and overcomes some drawbacks of PID [13-15]. The
basic idea of ADRC is to regard both internal and external
disturbances as an extended system state, and estimate and
compensate it using an extended state observer (ESO). Since
ADRC does not depend on the accurate system model, it
shows good robustness against disturbances and
uncertainties. Besides ESO, a typical ADRC consists of
other two parts: a tracking differentiator (TD) which is used
to arrange transient process and a nonlinear feedback (NF)
which is used to construct the feedback control law. ADRC
has been successfully applied in many fields in recent years
[16-18].
To achieve autonomous landing safely for the unmanned
seaplane in severe sea states, a new control scheme is
proposed based on ADRC. The proposed control system
consists of a velocity control subsystem and an attitude
control subsystem. A velocity ADRC controller and a
throttle switch module compose the velocity control
subsystem, while a pitch angle ADRC controller, an altitude
PID controller, a pitch angle switch module and a T-S fuzzy
reasoning module compose the attitude control subsystem.
This autonomous landing control system is demonstrated to
have satisfactory performance by simulation.
The remainder of this paper is organized as follows:
Section 2 analyzes the different characteristics in different
landing phases and gives related reference commands. An
autonomous landing control system is designed based on
ADRC in section 3. Section 4 shows the performance of the
proposed control system in different wave conditions.
Finally, conclusions are obtained in section 5.
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2

Autonomous Landing Analysis of Unmanned
Seaplanes

T

In this section, different phases of autonomous landing of
unmanned seaplanes are introduced and related reference
commands are given. Firstly, we introduce the nonlinear
model of the unmanned seaplane.
2.1
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where V is the velocity, D the angle of attack, q the pitch
angular rate, T the angle of pitch, T the thrust of engine,
N w the water pressure normal to the bottom, D f the water
friction along the bottom, La the aerodynamic lift, Da the
aerodynamic drag, Gxa , Gza the gravity along X s , Z s ,
M a , M w , M T the total pitching moment from air, water and
engine, xg , z g the position of the unmanned seaplane along
X e , Z e , u , w the velocity components of the flying boat
along X b , Z b , I y the unmanned seaplane’s moment of

inertia about Yb , D t the angle between engine force and X b ,
m the mass of the unmanned seaplane.
Fig. 1 shows the forces acting on the unmanned seaplane.
Detailed calculation method of the hydrodynamic forces and
aerodynamic forces can be found in [19].
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Nonlinear Model of the Unmanned Seaplane

The nonlinear model of the unmanned seaplane presented
here is derived by Zhu et al [19] combining fundamental
physical laws and empirical methods. Assuming a flat earth
and a rigid airframe, the longitudinal dynamics can be
described by
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Fig. 1: Forces acting on the unmanned seaplane

2.2

Phases of Autonomous Landing

In this paper, assuming that the unmanned seaplane lands
towards the wave propagation direction, only the
longitudinal landing system is considered. Total landing
process can be divided into approach phase, glide phase,
flare phase, falling phase and planing phase, as shown in Fig.
2. Next we mainly introduce the last four phases.
1) Glide phase: The unmanned seaplane descents along the
glide path (a certain glide slope) from an altitude of H 2
m. The speed maintains a constant value and the altitude
must be controlled in this phase.
2) Flare phase: As the altitude descents to H1 m, the flare
phase begins. The unmanned seaplane flies along a curve
trajectory in this phase. In order to make the speed reach a
rational range before touching the water surface, the
throttle is set to a low level. The speed begins to decrease
and the pitch angle gradually increases.
3) Falling phase: As the altitude descents to H 0 m, the
unmanned seaplane enters the falling phase. The engine is
shut off and the speed continues to decrease. In order to
keep a good entry angle with the water surface, the pitch
angle must be controlled.
4) Planing phase: In this phase, the unmanned seaplane
begins to slide along water surface. When the speed is still
fast, the controller should keep the attitude fixed and
avoid direct impact with the water surface. When the
speed is low, the controller should make the unmanned
seaplane track the water surface to reduce the wave
impact and ensure the safety.

Fig. 2: Different phases of autonomous landing

2.3

Reference Command
Next we give the related reference command in different
phases.

According to the above analysis, different control
strategy should be adopted in different phases.
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where hw (t ) is the relative height to the waves, Aj and Bl

1) Glide phase:
The reference altitude command in this phase [20] can be
expressed as
H c1 ( x)

( X 2  x) tan J

0  x d X1

are the fuzzy sets corresponding to V (t ) and hw (t ) , T j ,l is
the reference command, a j is a parameter to achieve the

(2)

wave following control for the unmanned seaplane, b j ,l is

H2
H
, X 1 X 2  1 . X 2 is the crossing
where X 2
tan J
tan J
point of the sea level and prolongation of the glide path, X 1

the expected relative angle between the unmanned seaplane
and water surface, c j is a parameter to keep the attitude of
the unmanned seaplane in the air, T cj,l is the expected pitch

is the horizontal position to start the flare phase. H 2 and
H1 is the altitude to start the glide phase and the flare phase,
respectively. J is the flight path angle.
The velocity maintains a constant value, whose reference
command can be written as
Vc V0
(3)
2) Flare phase:
The reference altitude command in this phase [20] can be
expressed as
H c 2 ( x)

H 1e

x  X1

2 H1 / tan J

x ! X 1 and H ! H 0

angle, kq is a parameter to increase the damp of the pitch
moments.
The specific calculation and parameter selection of Eq. (6)
can be found in [21] and will not be discussed in detail in
this paper.
Note that in this paper, we set that H 2 200m ,
H1

3

V

3m , J

3.5D , V0

50m / s , T 0

12D .

Autonomous Landing Control System Design

According to the analysis of different landing phases, an
autonomous landing control system is designed based on
ADRC for the unmanned seaplane. The control system
architecture is shown in Fig. 3. It can be seen that the
autonomous landing control system consists of a velocity
control subsystem and an attitude control subsystem. The
velocity control subsystem consists of a velocity ADRC
controller (ADRC L1) and a throttle switch module, while
the attitude control subsystem consists of a pitch angle
ADRC controller (ADRC L2), an altitude PID controller
(PID L3), a pitch angle switch module and a T-S fuzzy
reasoning module. Next we design these parts respectively.

(4)

where H 0 is the altitude to start the falling phase.
3) Falling phase:
In this phase, a constant pitch angle command is given,
which can be written as
Tc T0
(5)
4) Planing phase:
In order to attain the control object in the planing phase,
the reference pitch angle command can be expressed by the
following T-S fuzzy reasoning [21]:
R j ,l : IF V (t ) is Aj and hw (t ) is Bl ,
(6)
THEN T j ,l a j  (b j ,l  wv (t ))  c j  T cj ,l  kq  q (t )

Vc

20m , H 0

G th1

G th 2
G th 3

G th

H

V
H

H c ( H c1 , H c 2 )

T

H

H

Tc 0
T0

V

Ge

Tc

T j ,l

T

Nw

Nw

H

Fig. 3: Autonomous landing control system architecture

3.1

V fV  bV G th1
(9)
It can be seen from (9) that the throttle-velocity system is
of first-order. Therefore, a first-order ADRC controller can
be designed.
1) Tracking Differentiator (TD)
The discrete form of TD can be expressed as
v1 (k  1) v1 (k )  Ts v2 (k )
°
(10)
®v2 (k  1) v2 (k )  Ts  fh
° fh fhan(v (k )  V (k ), v ( k ), r , h)
1
c
2
¯

Velocity ADRC Controller Design

Define
fV

 Da  N w sin D  D f  cos D  Gxa
m
bV

CTGth cos D  D t
m

(7)
(8)

where CTGth is the thrust coefficient.
The first equation of Eq. (1) can be rewritten as
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The third and forth equation of Eq. (1) can be rewritten as
T fT  bT G e
(18)
It can be seen from (17) that the elevator-pitch angle
system is of second-order. Therefore, a second-order ADRC
controller can be designed.
1) Tracking Differentiator (TD)
The TD here is the same as Eq. (10). v1 (k ) and v2 (k )
track the desired pitch angle T c (k ) and its derivative,
respectively.
2) Extended State Observer (ESO)
The discrete form of ESO can be expressed as
e(k ) z1 (k )  T (k )
° z (k  1) z (k )  T [ z (k )  E e(k )]
° 1
s
T 01
1
2
®
E
(
1)
(
)
[
(
)



z
k
z
k
T
z
k
s
T 02 fal (e( k ), D1 , G )  bT G e ( k )]
2
3
° 2
°¯ z3 (k  1) z3 (k )  Ts ET 03 fal (e(k ), D 2 , G )
(19)
If the parameters ET 01 , ET 02 , ET 03 and G are chosen
properly, the ESO can yield z1 o T , z2 o q , z3 o fT .
3) Nonlinear Feedback (NF)
The NF u0 can be expressed as

where v1 (k ) tracks the desired velocity Vc (k ) and v2 (k )
tracks the derivative of Vc (k ) , Ts is the sampling period.
The function fhan is the time-optimal solution that
guarantees the fastest convergence from v1 to v without
overshoot and its expression can be found in [14]. The
parameters r and h are called “speed factor” and “filter
factor”, which determine the tracking speed and the filtering
effect, respectively.
As the velocity ADRC controller is of first-order, only
v1 (k ) is used in the controller design.
2) Extended State Observer (ESO)
The discrete form of ESO can be expressed as
e(k ) z1 (k )  V (k )
°
® z1 (k  1) z1 (k )  Ts [ z2 (k )  EV 01 fal (e(k ), D1 , G )  bV G th1 (k )]
° z (k  1) z (k )  T E fal (e(k ), D , G )
2
2
s V 02
¯ 2
(11)
where
D
°| e | sgn(e), | e |! G ,
(12)
fal (e, D , G ) ®
G !0
1D
| e |d G ,
°̄e / G ,
Generally, the parameters D1 and D 2 are set as: D1 0.5 ,
D 2 0.25 . If the parameters EV 01 , EV 02 and G are chosen
properly, the ESO can well estimate the system states and
the total disturbance in real time, that is, z1 o V , z2 o fV .
3) Nonlinear Feedback (NF)
The NF u0 can be expressed as
e1 v1 (k )  z1 (k )
®
¯u0 EV 1 fal (e1 , c1 , G1 )

e1 v1 (k )  z1 (k )
°
®e1 v2 (k )  z2 (k )
°u E fal (e , c , G )  E fal (e , c , G )
T1
T2
1 1
1
2
2
1
¯ 0

Generally, 0  c1  1  c2 . Similarly, the control law can be
designed as
G e (k ) u0  z3 (k ) / bT
(21)

(13)

3.4

Generally, 0  c1  1 . With the proper parameters EV 1 , c1
and G1 , good control effect can be obtained. The control law
is designed as the following form by well compensated for
fV using z2 :
G th1 (k ) u0  z2 (k ) / bV
(14)
3.2

where eh

3.5

Define

bT

(16)

M aG e
Iy

(17)

Pitch Angle Switch Module Design

The function of the pitch angle switch module is to
provide the different desired pitch angle commands for the
ADRC controller in different landing phases. According to
the analysis in section 2, the pitch angle switch module can
be designed as
T c 0 ,
H ! H0
°
T c ®T 0 ,
H d H 0 and N w 0
(24)
°T ,
Nw z 0
¯ j ,l
where N w is the hydrodynamic force, T c 0 is obtained by
Eq. (21) and T 0 , T j ,l have been given in section 2.

Pitch Angle ADRC Controller Design

M w  MT
Iy

H c  H , khp , khi , khd are the corresponding

proportional, integral and differential parameters. H c can
be written as
0  x d X1
 H c1 ( x),
H c ( x) ®
(23)
x ! X 1 and H ! H 0
¯ H c 2 ( x),

Throttle Switch Module Design

fT

Altitude PID Controller Design

As the outer loop controller, the altitude PID controller is
used to generate the desired pitch angle command in the
glide phase and flare phase, which can be expressed as
T c 0 khp eh  khi ³ eh dt  khd eh
(22)

The function of the throttle switch module is to provide
the different throttle commands in different landing phases.
According to the analysis in section 2, the throttle switch
module can be designed as
H ! H1
G th1 ,
°
(15)
H 0  H d H1
G th ®G th 2 ,
°G ,
H
H
d
0
¯ th3
where G th1 is obtained by Eq. (14), G th 2 0.1max(G th ) ,
G th 3 min(G th ) .
3.3

(20)

The T-S fuzzy reasoning module has been discussed in
section 2 and will not be given in this section.

where M aG e is the aerodynamic coefficient.
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to zero. The height increases slightly in this phase with the
increase of the pitch angle as shown in the enlarged portion
of Fig. 6. At about 83s, the unmanned seaplane begins to
land on water. Fig. 7 (d) show that the hydrodynamic impact
is large at this moment, while the large variability for the
pitch angular rate and the elevator deflection can be seen in
Figs. 7 (c) and (f). After landing on water, the
hydrodynamic force decreases gradually and the states of
the unmanned seaplane become to be stable.
Secondly, the simulation is performed in irregular wave,
which is equivalent to Seastate 3 and the significant wave
height exceeds one meter [22]. As the distance between the
center of gravity and the bottom is only 0.552m for the
unmanned seaplane, this irregular wave belongs to the
severe sea state. The state changes in the first three phases in
irregular wave are identical to the ones in calm water as
shown in Fig. 8 and Fig. 9. However, Figs. 9 (b) (c) (d) show
that the hydrodynamic force is very large just after
touchdown so that the pitch angle and the pitch angular rate
fluctuate in a large range. In the meanwhile, there appears
the elevator saturation as shown in Fig. 9 (f). Since this
irregular wave is huge for the unmanned seaplane, this is
acceptable. The enlarged portion of Fig. 8 shows that after
landing, the unmanned seaplane can follow the water
surface well, reducing the water impacts. The unmanned
seaplane can achieve autonomous landing safely via the
proposed controller in the severe sea states.

The above parts compose the total autonomous landing
control system. Due to the robustness of ADRC controller,
the control system can improve the sea-keeping ability of
the unmanned seaplane effectively.

4

Simulation Results

In this section, an unmanned seaplane model with a
height of 1.09m is used to demonstrate the performance of
the autonomous landing control system. Two different wave
conditions are provided in the simulation: calm water and
irregular wave. The initial trimmed states of the unmanned
seaplane are chosen as: V 50m / s , D 1.97D ,
q 0rad / s , T 1.97D , H 200m .
Firstly, Fig.6 and Fig.7 present the autonomous landing
performance of the unmanned seaplane in calm water. It can
be seen from Fig. 6 that in the glide phase (before about 60s),
the unmanned seaplane tracks the reference trajectory
closely. Figs. 7 (a) and (b) show that the velocity and the
pitch angle are controlled in a constant value. The
unmanned seaplane turns into the flare phase at about 60s.
As the throttle is set in a low level as shown in Fig. 7 (e), the
velocity begins to decrease and the pitch angle begins to
increase. The trajectory tracking still has a good effect in
this phase as shown in the enlarged portion of Fig. 6. In
order to keep a good entry angle with the water surface, the
pitch angle is controlled in a larger value in the falling phase
(about 76s~83s), at the same time, the throttle has been set
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Conclusion

In this paper, a new autonomous landing control system
for an unmanned seaplane is presented, aiming to ensure the
safety and improve the anti-waves capability in high sea
states. According to the analysis in different landing phases,
this control system is designed based on ADRC. The
proposed control system is composed of a velocity control
subsystem and an attitude control subsystem. The velocity
control subsystem is composed of a velocity ADRC
controller and a throttle switch module, while the attitude
control subsystem is composed of a pitch angle ADRC
controller, an altitude PID controller, a pitch angle switch
module and a T-S fuzzy reasoning module. The simulation
results show that the proposed control system has
satisfactory performance in different sea states, improving
the sea-keeping ability of the unmanned seaplane.
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