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Abstract

The relative motion control for the unmanned quadrotors autonomous shipboard landings is investigated in this study. The shipboard
landing missions are divided into two phases including the position approaching phase and the vertical landing phase. Relative
pose kinematics and dynamics are modeled in the quadrotor’s body-fixed frame, where the kinematic couplings resulted from
the difference between ship’s centre of mass and desired landing site and the unknown external disturbances of two vehicles
are considered in the modeling and control design. In the position approaching phase, because of the under-actuated property of
quadrotors, the adaptive backstepping technique is combined with an auxiliary system and a command filter to develop the guidance
and control laws. Subsequently, the relative altitude-attitude controller is designed for the vertical landing phase. Stability analysis
shows that the position approaching errors in the first phase and the landing errors in the second phase ultimately converge to small
neighborhoods of zero, and numerical simulation validates the effectiveness of the proposed strategy.
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1. Introduction

In recent decades, many studies have been performed on the
design, analysis, and operation of autonomous unmanned heli-
copters [1, 2]. In fact, quad-rotor helicopters with strong abil-
ities of maneuvers and tracking are very suitable for maritime
missions [3, 4], such as for autonomous shipboard landing op-
erations [5]. However, shipboard landing is one of the most
challenging missions for the helicopters due to the natural com-
plexity involving ships and quadrotors in relative motion, wind
blowing from any direction, and strong ocean current interac-
tion on the ship [6]. Quadrotors can achieve low-dynamic track-
ing missions and operate in a ship deck, but the ship deck is al-
ways shaking due to the rough disturbances generated from the
uncertain wind and ocean current. Furthermore, the controller
design for autonomous shipboard landings is very challenging
since relative pose motion model between two vehicles is high-
ly nonlinear and coupled. In particular, the active quadrotor is
a typical under-actuated system because of smaller number of
control inputs than the number of generalized coordinates [7].
Moreover, the desired landing site of the quadrotor is general-
ly not located at the centre of the mass of the ship. Then, the
relative pose dynamics between landing site and the quadrotor
and the model-based controller design for the shipboard landing
mission are very complicated. Therefore, it is very necessary to
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study the advanced relative pose controller design for the au-
tonomous high-precision shipboard landing operations.

As a hot topic in control engineering, a number of studies
on autonomous shipboard helicopter landing have been stud-
ied in recent years. The robust controller for helicopters was
studied in [8]. This controller takes into consideration unex-
pected disturbances and turbulence over the sea. To achieve a
practical model and system, a mathematical model of the on-
deck helicopter/ship dynamic interface was developed by [9].
Then, the study in [7] allowed precise controlled landing in d-
ifficult situations by connecting the moving shipboard and the
aircraft with a physical tether. Based on the image features as
references while filtering its movements to get a smooth he-
licopter trajectory compared to the targeted ship, a method to
set two controllers based on a translational rate command law
and a common advanced speed control law for modern heli-
copters were presented by [10]. Furthermore, to improve the
landing precision of the helicopter, a vision-based auto landing
system was proposed in [11] for unmanned helicopter on a ship.
Based on fuzzy recognition, Kalman filter and proportional in-
tegral controller in [11], the unmanned helicopter can track the
moving target and land on it. Moreover, a monocular vision
system was developed in [12] for an unmanned aerial vehicle
landing on a ship’s deck, and the four-degrees-of-freedom pose
of the vehicle with respect to the ship was estimated. Besides,
the guidance law of the helicopter is also important for the
high-precision landing missions, then visual/inertial guidance
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strategy [13] and vision/radar/INS integrated guidance strategy
[14] were developed respectively to improve the hardware per-
formance of autonomous shipboard landings. The two-phases
planning method for the carrier landing missions was devel-
oped in [15], where the pigeon inspired optimization algorithm
was used to reduce the terminal position errors and adapt to
the different environment. The autonomous landing operation
proceeds in three phases: the search phase, the homing phase,
and the landing phase [16], where a downward-looking single
camera was used for determining helicopter’s position relative
to the moving platform. A method to assessment of mission
success for helicopter landing on a ship was developed in [17].

The aforementioned studies mainly focus on the navigation
and planning system designs for the helicopter shipboard land-
ings. Various studies on robust landing controller design to
suppress the model uncertainty of the helicopter and the distur-
bances involved in over sea operations were also reported re-
cently. The application of the neural networks and fuzzy logic-
based robust intelligent controller on the automated landing of
unmanned helicopters was studied by [18] to compensate the
model uncertainties. Then, the study in [19] focused on the un-
certainty compensation of the autonomous shipboard landing
control strategy, where a disturbance estimator was develope-
d to design the robust backstepping controller. Meanwhile, a
control architecture that consists of a motion estimation mod-
ule, a trajectory generation module and a tracking control mod-
ule was proposed in [20] to achieve the high-performance au-
to landing missions. In particular, the time-optimal trajectory
tracking controller was developed for quadrotors landing on a
moving platform. A dynamic image-based visual servo con-
trol strategy was proposed for a helicopter landing on a moving
vehicle by [21], so that the control performance is improved
clearly based on the visual measurement. A disturbance attenu-
ation controller for horizontal position stabilization was devel-
oped in [22] for hover and automatic landings of a helicopter
approaching to the landing deck. An invariant ellipsoid-based
method for the controller design and gain synthesis of a low-
cost quadrotor autonomous landing system subjected to wind
disturbance and measurement noise was proposed by [23]-[25].
Then, a class of relative motion model was developed for the
shipboard landing missions by [26]-[28], and the adaptive non-
linear controllers were presented to ensure the success of the
helicopter landing on the deck in rough sea. However, the dy-
namic couplings between the relative position and relative atti-
tude motions were ignored, while the under-actuated property
of the aeronautical vehicles was also insufficiently considered
in the previous works.

This study mainly focuses on the relative pose control prob-
lem between the quadrotor and ship for the shipboard landing
missions. Enlightened by the previous studies in [26] and [27],
the shipboard landing mission is also divided into two phases
including the autonomous position approaching phase and the
autonomous vertical landing phase in this study. The main con-
tributions of this work are stated as follows.

e The novel relative pose kinematics and dynamics are mod-
eled in the quadrotor’s body-fixed frame, where the atti-

tude motion of two vehicles are described by the mod-
ified Rodrigues parameter because of its non-singularity
and non-redundant properties. In particular, the landing
site on the deck is considered into the modelling of relative
position dynamics to describe the relative motion precise-
ly, and the bounded external disturbances generated from
the changing environment are also considered in the rela-
tive motion of two vehicles.

e Based on the different state information, two controller-
s are developed respectively for the position approaching
phase and the vertical landing phase in view of the under-
actuated property of the quadrotor. Specifically, in the
position approaching phase, the control singularity of the
quadrotor is avoided by using the saturated force inputs
and the bounded auxiliary system, while the second-order
command filter is also employed to avoid the complicat-
ed time-derivative calculations in the relative motion con-
troller design.

e It is proved in the Lyapunov framework that the posi-
tion tracking errors in autonomous position approaching
phase and the terminal landing altitude-attitude errors in
autonomous vertical landing phase uniformly ultimately
converge to the small neighborhoods of zero by tuning
suitable designing parameters. Simulation results validate
the effectiveness of the proposed approach.

This paper is organized as follows. Section 2 presents the math-
ematical modeling and control mission for autonomous quadro-
tor shipboard landing operations. Section 3 provides explic-
it controller design procedures, and the stability result of the
closed-loop system is also rigorously analyzed. Numerical sim-
ulations are performed in Section 4 to verify the theoretic de-
velopments. Finally, conclusions are shown in Section 5.

Throughout the paper, the skew-symmetric matrix S(a) €
R33 derived from any vector a@ = [ai,az,a3]7 € R3? is de-
fined by S(a) = [0,-a3,a2;a3,0,—a;;—a»,a;,0]. It satis-
fies a'S(@) = 0, |IS@)I = |al, and S(@b = -S(b)a,
b"S(a)b = O for any b € R>. |a|| denotes vector 2-norm
of a, ||A|| represents the induced matrix 2-norm of A. I, and
O, are n X n unit and zero matrices, respectively. More-
over, tanh(c¢) = [tanh(c;), tanh(c,), - - - , tanh(c,)]T for any vec-
tor ¢ = [c1,¢a, -+ ]t

2. Problem Description

We investigate the control problem of an autonomous
quadrotor landing on the deck of a ship in the rough sea. Due
to the complicated relative motion model between the under-
actuated quadrotor and the uncontrolled ship, the quadrotor’s
landing mission in this study is divided into two coherent phas-
es, such as the autonomous position approaching phase shown
in Figure 1 and the autonomous vertical landing phase shown
in Figure 2. In Figures 1 and 2, 7; £ {Ox;y;z;} is the Earth
reference frame with its origin O locating at a fixed point. The
z; axis points upright vertically, x; points to the north, and y;



completes the triad by right-hand rule. 7, £ {Hxyz} is quadro-
tor’s body-fixed frame, where origin H locates at the centre of
the mass of fuselage, x points to the fuselage head, z axis is
perpendicular to x axis and points upright, and y axis is deter-
mined by right-hand rule. 7 £ {Sx;y:z,} is ship’s body-fixed
frame, where origin S is the centre of mass of ship, x, axis
points to the front of the ship, z, axis is perpendicular to x, axis
and points upright, and y, axis completes the triad by right-hand
rule. P and P’ are fixed points with respect to S, where point P
is the desired position of the quadrotor with only small height
with respect to the final landing site P’ on the deck; {r,r.,r,}
and {r,,r, , ps, r;,s, P’} are related position vectors expressed in
frames 7, and 7, respectively. Specifically, as shown in Figure
1, the objective of the controller design in autonomous position
approaching phase is to control the quadrotor so that its cen-
tre of mass H tracks point P to get ready for the consequently
vertical landing phase. Then, as shown in Figure 2, after the
quadrotor’s centre of mass H arriving at point P, namely H co-
inciding with P, the control objective of the autonomous ver-
tical landing phase is to control the quadrotor’s height so that
relative altitude between the centre of mass H and point P’ is
zero, while the frame ¥, tracks the frame 7.

Quadrotor

Earth

Figure 1: Autonomous position approaching phase in shipboard landings.

Quadrotor

Earth Yi

Figure 2: Autonomous vertical landing phase in shipboard landings.

Remark 1. Since the autonomous landing missions are gener-
ally performed when the quadrotor is far from the ship deck,
so the trajectory tracking should be firstly achieved, then the
quadrotor could perform the final landing operations when the
quadrotor is very near the ship deck. The most important rea-
son for dividing the landing missions into two phases is the
under-actuated control property of the autonomous quadrotor.
Since the position tracking phase should ensure that the quadro-
tor completely track the three-dimensional position of the ship
deck, so that the attitude trajectory of the quadrotor cannot be
synchronized with the ship in real time. Furthermore, after
completing the tracjecotry tracking phase, the quadrotor is very
near the final landing site of the ship in the second phase, so that
the landing operations mainly focus on the relative altitude reg-
ulation and attitude synchronization of two vehicles in a short
time. Thus the quadrotor should switch its autonomous control
modes from the trajectory tracking to the altitude-attitude syn-
chronization, so that the autonomous landing mission is divided
into two successive phases to facilitate control system design of
the quadrotor.

2.1. Nonlinear Dynamics of Quadrotors and Ships

The position motion of centre of mass H and the attitude mo-
tion of ¥, with respect to ¥; for a quadrotor are described by
following kinematics and dynamics expressed in frame %, if
the modified Rodrigues parameters(MRP) are used for attitude
parametrization [29].

F=v-S(wr

my + mS (w)v + mgRTes = Tes + d,
0 =G60o)w
Jow+S(wJw=1+w,

ey

where G(0) = %[(1 - ooz + 25(0) + 2007"], g is gravity
acceleration, e3 = [0,0,1]T; r € R? is the position and o is
the MRP attitude; v, w € R? are linear and angular velocities,
respectively; T € R is the control thrust, and 7 € R? is the
three-axes torque vector; m € R and J € R are the mass and
the positive definite symmetric inertia matrix of the helicopter,
respectively; R is the rotation matrix from ¥, to F;; dj,, wy, € R3
are the unmodeled disturbances.

The kinematics and dynamics of an uncontrolled ship in
rough sea can be simply described in frame ¥ as [27, 30]

Fe = v, = S(wyr

mgvs +m;S (ws)v, = ds
0y = G(oy)wy

Jywg + S(ws)-]sws =Wy

@)

where G(o) = H[(1-0olo )5 +2S (0,) + 20,07, ry € R? and
o are position and attitude of the ship, respectively; v;, w; €
R? are linear and angular velocities of the ship, respectively;
d,,w, € R are the external force and torque, respectively; m; €
R and J, € R¥3 are mass and inertial matrix of the target,
respectively.

Remark 2. The unmodeled disturbances d;, and wy, in (1) are
generated from the aerodynamic effect of the main rotor and



the fuselage. The external force d and external torque w; in (2)
mainly include the influence of gravity, buoyancy, atmospher-
ic drag, hydrodynamic damping effect, added mass and inertia
forces. The ship’s six-degrees-of-freedom motion is modeled as
(2) with simplified form, since this study mainly focus on the
unmanned quadrotor’s control system design, and this ship’s
model (2) is almost enough to reflect the motion feature of the
ship in the autonomous landing missions. In fact, the explicitly
six-degrees-of-freedom motion model of the ship can be found
in [30]. Moreover, according to the statement in [29], the shad-
ow MRP set can be exploited to yield a globally non-singular
attitude description with a minimal three-parameter coordinate
set at the expense of a discontinuity. To avoid the singularity,
the MRP set is switched to the shadow set before reaching the
singularity. A convenient switching condition is the unit magni-
tude surface ||or|| = 1, such that the composite MRP description
always satisfies ||lo|| < 1.

2.2. Relative Rotational and Translational Dynamics for Au-
tonomous Shipboard Landings

Let the MRP relative attitude o, be [29]

_ooTo-D)+o(l-oloy)-2S (o0

o, = 3)

1+olo,oTo +20To

and the rotation matrix from ¥ to 7, is defined by

41 -olo,)

(I1+olo,)?

852(0)

R, =1 - o0 T
3 (1+olo,)?

S(o,) + 4

According to Figure 1, the position and velocity of point P
represented in frame ¥ are given by

rp, =Ts+Ps, Vp, =Vs+S(ws)ps 5)

where p, € R? is a constant vector in frame F,. The relative
position, relative velocity, and relative angular velocity are de-
fined in frame ¥, as

W, =w-Rws, ro=r—Rerp,v.=v—-R,. (6)

Substituting (6) into (1) and using identities R, = —S (w,)R,,
iy, = vy, — S(wy)r,, and R;' = RT yield the relative motion
equations in frame ¥, as

. =v, — S(w)r,

) T ) T 1

Ve =—[S(w)V+gR e3+R. V), —S (W )v—Vv,)]+—e3+—d,
m m

o, =G(0-e)“)e
Jw, =-S(w)Jw - J[R.w; + S (wW)w,.] +T+Ww,

(7
where kinematic Jacobian matrix G(o,) = %[(1 - 0'30'6)13 +
28 (o,) + 20'60'3] is nonsingular [29]; RV, is calculated from
(5), (2), (6) and R,S(a) = S(R.a)R, for any a € R’ as
Revps = Re[Vs+S (ws)ps] = —R.S (ws)vs'i'vaReds_ReS (ps)ws =
) (Re(*‘)s)[ReVp_v _ReS (ws)ps] + mLYReds _ReS (ps)d)s == (w_

W)y — v, — S(w - w)R.ps] + mLYReds = R.S (py)ws, and @y is
calculated by ‘

w5 =—J 'S (w)Jsws + I wg

=—J'SRNw - w )R (0 - w,) + T, 'w ©

Thus, equation (7) can be rewritten as
Fe =V, —S(w)r, ©))
v.=—h—gRYe; +d, +n; + %eg (10)
o, =G0 )w, (11
Jo, = -S(w)Jw-JS(ww, +n, +dr + 1 (12)
where B = S(w)v. + S*(w — w)R.ps, di = 4 _ Rd,

R.S (ps)Js_lws» d; = wh_Rer_lws’ ny = -R.S (ps)Js_IS(RZ(w_
we))JsR;r(w -w,), ny = JRe-I;lS(R;F(w - we))JsR;F(w - w,).

Similarly, the relative position model between points H and
P’ shown in Figure 2 can be easily derived by

¥, =v, - S(w)r, (13)

T
v, =—h —gR'e; +d| +n, + —e3 (14)
m

’

YA / ’r ’ / — 4 —
where r, = r —Rer, ., v, =V —R, ., r, =rs+p,v, =

v + S(@)P, I = S(W, + S} W~ w)R.p,, d) = & — Bl

LRS(P)I Wy, 0 = —RS (P)I'S RY(w—w )R (0-a,).

Remark 3. Since the classical quadrotor tracking controller de-
sign only focuses on the dynamics of quadrotor, and the de-
sired motion trajectory is generally simplified as the known d-
ifferentiable functions, so that the tracking error system ignores
the dynamical property of the target systems, so the modeling
and control are not suitable for the two vehicles coordinated
control missions, such as the shipboard landing operations in
this study. From the equations (9)-(14), the mathematical mod-
el of the landing missions is strongly coupled and still under-
actuated. Specifically, the error model of pose motion is related
with the inertia parameters of two vehicles, such that the dy-
namical model is very complicated with respect to the classical
quadrotor tracking model, and the relative translational motion
is coupled with the relative rotational motion.

Remark 4. Since the shipboard landing mission of the quadro-
tor is considered as autonomous task in this study, so that the
motion information of the quadrotor and relative motion infor-
mation between two vehicles could be measured directly by the
different sensors mounted on the quadrotor. Then, the mea-
sured information is easily represented in the body-fixed frame
of the quadrotor. Thus, the relative model is described in the
body fixed frame of the quadrotor to facilitate the measurement
and calculations. Moreover, if the relative motion model is de-
scribed in other frames, such as the Earth-centered inertial coor-
dinate frame, then the control inputs should be transformed into
the body-fixed frame of the quadrotor, thus the coordinate trans-
formation of the control inputs for the quadrotor can be avoided
when the relative motion model is described in the body-fixed
frame of the quadrotor.



Assumption 1. The mass and inertial matrices of the quadro-
tor and the ship are all known. The external disturbances are
unknown bounded vectors so that ||dill < dp, lwnll < W,
ld,l| < dy, and ||w,|| < w, with known constants d,, Wy, dy, Ws.

Assumption 2. The pose motion information of the quadro-
tor r,v, o, w and the relative pose information r,, v,, 0., w, be-
tween two vehicles are measured exactly by the measurement
devices mounted on the bodies of quadrotor [10]-[14].

The control objective of the autonomous position approach-
ing phase is to design the quadrotor’s control inputs 7" and T
so that position tracking error r, ultimately converges to the s-
mall neighborhood of zero. Then, the control objective of the
autonomous vertical landing phase is to design the quadrotor’s
control inputs T and 7 so that relative height 7/, and relative
attitude o, ultimately converge to the small neighborhood of
zero, where 7/ is the third entry of vector r,,. Thus the quadro-
tor shipboard landing missions can be achieved successfully.

3. Controller Design

3.1. Controller Design for Position Approaching Phase

Based on the model of (1), (9), and (10), the control inputs 7
and 7 of the quadrotor can be derived based on under-actuated
control system design. Thus the outer-loop position controller
design and inner-loop attitude controller are developed in the
autonomous position approaching phase, so that the quadrotor
tracks the desired position P in Figure 1 to achieve the position
approaching mission, when the initial position of the quadrotor
is far away from the ship deck.

Consider the relative position model in (9) and (10). Define
the virtual position error 7, = Rr, — i and virtual velocity error
V. = Rv, — @ — 5 with an auxiliary state i and virtual control
input @. Then,

F. = RS(w)r, + Rv, — RS (w)r, —fj = v, + @ (15)
_ 1

Choose a Lyapunov function candidate V| = 57’576. Then the

time derivative of V; based on (15) is V| = Fl(¥, + @). Design
the virtual control input
a = -k F, (16)
where k; > 0. Substituting (16) into (15) yields
Fo = —kiFp + ¥, (17)
Moreover, the time derivative of V| satisfies
Vi = —kiFFo + Fi ¥, (18)
Furthermore, from (10), one has
¥, =RS (w)v, — Rh — ge; + Rd,
T L (19)
+Rn; + —Re; — @ — i}
m

Choose a Lyapunov function candidate

1
Vo=V + Ev}ﬁe (20)

Then the time derivative of V, based on (19) is

Vy = — k\FLF, + V) (Fe + RS (w)V, — Rh

T o 21
— ge3 +Rd1 + Rny +—Re3—a—n)
m

Since 7, Rdy < di[IRIlIF|l < T, dilVeil < T, di [V tanh (%) +
kel = dyv} tanh(%) + 3ke, where di = dj + 3= + willpslIlJ5 Il
€ > 0, k = 0.2785. Then,

Vy < — k(P F, + P1[F, + RS (w)v, — Rh — ge;
- P, T L (22)
+ dy tanh(—) + Rn; + —Res — & —ij] + 3ke
€ m

Introduce an auxiliary system

i) = =B tanh(/;n + L7)) — B, tanh(l>7) + @, (23)

where @, = kb, — & + F, + RS(w)v, — Rh + Rny, ky > 0,
Bi>0,1; > 0@ = 1,2), and p(0) = i(0) = 0.

Remark 5. In the auxiliary system (23), the signal & is difficult
to directly calculate the time derivative of @ from (16), since
the w is unknown. However, as shown in [31], a second-order
command filter § = —2£w,y —w?(y — @) with input @ and output
y under the initial conditions y(0) = @(0) and y(0) = 0 can be
employed in practice to achieve high-precision estimation of &
by setting the suitable filter parameters & and w,,.

Design the control input

T
u = —Rge; = — By tanh(l1n7 + L>17) — B> tanh(l>1))
" 5 24
+ges —d, tanh(f)

where R, is the desired attitude for inner-loop attitude motion
of the quadrotors. Then the desired thrust force is

T = m|lul| (25)

Thus, from (22), one has
: =2 TR
Vo < —kilIFll” — kalPell” + v, —R.e3 + 3ke (26)
m

where R, = R; — R.

From the system model in (1), we find that the transition ma-
trix R and control thrust 7' will affect the translational motion of
the quadrotors. Notice from (1) that the transition matrix R in
terms of MRP can also be regarded as the output of the rotation-
al subsystem. This can be considered as the cascade property of
the quadrotors. A hierarchical design strategy is introduced to
implement the control system. Consequently, translational and
rotational controllers can be designed separately. The transla-
tional controller is firstly designed to extract the desired thrust
force T and attitude matrix R;. The desired attitude information
can enable a quadrotor to track the desired position trajectory.
Thereafter, the desired torque vector 7 is determined by the ro-
tational controller with the desired attitude matrix. At last, T
and 7 can be treated as the input for the actuators to implement



the whole control system. Then from (24), the desired MRP
attitude for the inner-loop attitude motion of the quadrotor can
be extracted by [32]

1

T
- — 2
2o (1 + t)[uz, ui, 0] 27

(o]

where T, = % o= ,/2"—}’ + % and u;(i = 1,2, 3) is the ith entry
of the vector u. To avoid the singularities of the thrust force and
desired attitude, the following constraint must hold

V3B +a + %) <g (28)

Remark 6. Since the thrust force 7' should satisfy 7' > 0, thus
the hyperbolic tangent function and conditions (28) are em-
ployed to guarantee the bounded property of thrust force such
that g — V3(B1 + B2 + L) < llull < g+ V3(B1 + B2 + L) al-
ways holds. According to (25), (28), and m > 0, we can obtain
u # 0and T > O instead of T > 0, thus the singularity of the
thrust force T can be avoided and the singularity of the desired
attitude o is also avoided from (27).

Since the first and second time-derivatives of desired attitude
o, cannot be derived analytically, a stable second-order com-
mand filter is employed by

X1 = X2, X3 = —28w, %y — wi(X) — 0y) (29)

with states x1, x;, and input o4, where ¢ and w,, are the damping
ratio and frequency, respectively. The initial conditions for (29)
are set as x1(0) = 04(0) and x,(0) = 0, and the output of the
command filter (29) is defined as

A . A . A
o.Ex, 0. 2x 0.5 -2bw.x - 0i(x) —0y) (30)

Remark 7. It should be pointed out that the command attitude
trajectory o, is generated by command filter to approximate
the desired attitude o4, and the errors between o and o, can
be reduced by choosing larger parameters w, in (29), but its
robustness for high-frequency disturbances would be reduced
significantly.

Instead of tracking o, directly, we let the attitude subsystem
track o.. By using o, 0. and &, in (30), we can derive the
command angular velocity w, and the command angular accel-
eration @, as [33, 34]

W, = G_I(O'L-)O'C, W = G_l(a-c)d-c + G0 )0, (3D
where G'(0,) = -G (0 )G(0 )G (00), Gloo) = 11 -
olo)hi +2S(0,) + 200", and G(o,) = ﬁ[o”caf +

1600, T
Ton (1 - ol )l — 25 (0) +

oot —olo.; - S(0.)] -
20'00'3].

As long as command attitude trajectories o, w,, and @, are
obtained, the attitude error and angular velocity error expressed
in ¥, can be obtained as [35]

1+otoolo.+20 0 (32)

— (1-olo)o-(1-0"o)o .25 (o.)o
O, =
W, = w - R.w,

b _ 4(1-075,)S(@.) |, 85%@.)
where R, = I3 — — .52 (+ala, 2"

From (1) and (32), the attitude tracking error kinematics and
dynamics are

Ji,=JS (@.)R,w.—S (w)Jw—JR, 0. +T+W), (33)

{ &e = G(0 ),
with G(a,) = 1[(1 — 61 F)1 + 28 (0,) + 25,57 ].
Define a variable @, = @, — {, where { is the virtual control
input designed later. Then, from attitude kinematics in (33),
one has
G =GO + ) (34

Design the virtual controller { = —k367, and choose a Lyapunov
function candidate V3 = %6’36’8. Then (34) and the time deriva-
tive of V3 are rewritten as

&e =GO )@, — k3T.) (35)

Vs = k30 G(G0)T ¢ + 0L G(00 ) (36)

where k3 > 0. Considering the attitude tracking dynamics in
(33) and virtual controller £ yields

Jo, =JS (@.)R.w, — S (w)Jw

: . (37
- JR.w.+T+wW, —k3Jo,
Choose the Lyapunov function candidate
1 ¢, .
Va=V5+ 59 Jo, (38)

Then, based_ on the fact &)Ewh < Z?: | Wil tanh(%) + ke] =
th)z tanh(%) + 3ke, the time derivative of V, is

Vi < - k3G, G(0)0. + @, (G (F.)T
+JS ((De)Rewc -S(w)Jw - JR,w, (39)

+ 1+ tanh(22) — ks J&,] + ke
€

Then design the inner-loop attitude tracking controller of the
quadrotor is

T =— k@, — GT(7.)F. — JS(@.)R.w, + S (w)Jw

) @, (40)
+ JR, @, + k3J&, — Wy, tanh(—)
€

where k4 > 0. Thus, from the fact }1 < |G(a )|l < %, (39) can
be written as

. k -
Vs < _ZSH&eHZ — kall@|I* + 3xe (41)

3.2. Controller Design for Vertical Landing Phase

Based on the relative height model in (13) and (14), and the
relative attitude model in (11) and (12), the control inputs 7" and
7 of the quadrotor can be derived based on the fully-actuated
control system design approach. When the initial position of
the quadrotor locates at point P shown in Figure 2, the con-
troller design task is to propose control inputs 7 and 7 so that



the height of the quadrotor is driven to the height of the terminal
landing site P’ shown in Figure 2, while the attitude of the ship
and the quadrotor are synchronized to successfully achieve the
autonomous landing mission.

According to the structure of the relative position controller
(24) with the auxiliary system (23), the height controller of the
quadrotor in the autonomous vertical landing phase can be eas-
ily derived by

T =|my, tanh(l{n + [57y’) — my, tanh(l57)
o (42)
7 e3
+ mg — dy tanh(—)
€

with the following auxiliary system

i = =y tanh(lyn’ + I317) — y2 tanh(557)) + @, (43)
and expressions a;, =keVy =& + T+ f3, 7, = w3 — 1,
Vy=vu3—a —1f,and &' = —ks¥;, where 7, V', f3, 3, and
V3 are the third entries of the vectors 7, ¥, RS (w)v, — Rh’ +
Rn}, Rr,, and Rv,, respectively; r,, v,, h’, and n| are derived
from (13) and (14); the designing parameters ks > 0, kg > 0,
¥i > 0,6l > 03 =1,2),and 7 (0) = 7’(0) = 0.

The attitude synchronization controller in the autonomous
vertical landing phase can be designed based on backstepping
technique from (11) and (12). Define variable w,, = w, — x,
where the virtual control input is ¥ = —ky0,. Then the time
derivative of o, is 0, = G(0.)(w,, — k70,). Choose the Lya-
punov function candidate Vs = %0'30}- Then the time deriva-
tive of Vs is Vs = —ky0lG(o,)o, + 0 G(0,)w,,. The time
derivative of w,, is Jw,, = -S(w)Jw — JS (W)W, + 1, + T +
dy — k7J0,. Define the Lyapunov function candidate

1
Ve =Vs+ 5“’3’]“”” (44)

Then, based on the fact oldy <3 dlwp tanh(“2) + ke] =
a’zw,Tn tanh(‘%) + 3ke, the time derivative of Vj is

Vo < — k0L G(0o)o, + 0 [GT ()T, — S (w)Jw
—JS (W)W, + 1y + T+ dy tanh(ﬁ) — kyJo,] + 3ke
€
Then design the attitude synchronization controller as

T = — kg, — G000, + S (W)Jw + IS (w,)w,

45
-m+kpJo. —wy tanh(ﬂ) )
€
where kg > 0. From the fact 1 < ||G(o,)|| < %, Ve satisfies
Ve < —ZIIO'eII = ksllwp|l” + 3ke (46)

Remark 8. For the dynamical model of relative position ap-
proaching phase including (9), (10), and the attitude dynamic-
s in (1), the proposed relative position approaching controller
is constructed by the thrust input (25), torque input (40), aux-
iliary system (23), and command filter (29) with the positive
tunable parameters ki, k2, k3, ka, 51,52, 11, 1, &, w,. Similarly,

for the dynamical model of vertical landing phase including
(11), (12), (13), and (14), the proposed vertical landing con-
troller is constructed by the thrust input (42), torque input (45),
and auxiliary system (43) with the positive tunable parameters
ks, ke, k7, ks, v1,v2,11,15. Two controllers for two phases have
the same structure with similar designing parameters, so that
the tuning strategies of the designing parameters for two con-
trollers are unified.

The structure of the control system is shown in Figure 3.

Thrust
Calculation and
Command filter-
based Attitude
Extraction

Relative
Position
Controller

|
Attitude ||
Controller

: Relative Altitude Controller

H and Attitude Synchronization Controller
'

'

'

I

'

'

Disturbances

Disturbances

Figure 3: Block diagram of the closed-loop system for relative motion.

4. Stability Analysis of Overall Systems

Before the stability results, a significant lemma used in the
stability analysis is shown firstly [36, 37].

Lemma 1. Consider the following nonlinear system
Z + aj tanh(aszz + a42) + a, tanh(asz) — w(t) = 0

where z € R”, w(r) : R* — R” is a time-varying vector, and
ai(i = 1,2,3,4) are positive constants. Denote s = [a3z! +
asz", asz" |7, if there exist w > 0 and 7 > 0 such that |[w(@)|| < W
for all t+ > £, and the parameters as = Z—% a, and a; are set

2asw
as—2w’

in sequence based on the rules as > 2w, a, > asa, <
a; < %(az +as), then z and z ultimately converge to the bounded
set Z = {[Z%, 27T € R*||Is|| < 5}, where § satisfies % <
tanh’(9) _ 1

B 2°
Theorem 1. Consider the relative position dynamics (9), (10)
and the quadrotor’s attitude dynamics shown in the last two
subequations of (1) under the Assumptions 1 and 2. Design the
auxiliary system (23), control thrust (25), and control torque
(40) for the quadrotor under the condition (28). Then the rela-
tive position r, ultimately converges to the small neighborhood

of zero by choosing suitable designing parameters.

Proof: Consider the Lyapunov function V. = V, + V,.
From (26) and (41), then the time derivative of V satisfies
V < —killFel? = kallvel? — L1017 — kslle| + T LR.e3 + 6ke.
Since || ZR. el < llull|Rs—RI| < 2(B1 +B2+g+%) £ p from (24)

m
. Ky k
minfky, %, ka)

and (25), then V < —k,V + @, where k, = — L @ =
ymax{l,1}

2 5 - . . . .
;Tz + 6ke, A is the maximum eigenvalue of matrix J. Then, it
is easily shown that 7., v,, 6, @, ultimately converge to the fol-

lowing bounded sets, Q| = {FlllFell < /3Z}, Q@ = {FelllFell <



V%}’ Qs = (Gl < (32}, Qa4 = (@@l < \[3Z), where

A is the minimum eigenvalue of matrix J. Furthermore, from
(16), and the definitions of the virtual position error 7, = Rr,—n
and virtual velocity error ¥, = Rv, — @ — 1}, one has

MR

T
Rk BT g% and B = diag{RT,R"}.
—K1

from (23) and Lemma 1, i and 7 ultimately converge to the
bounded set Z, = {[p",7"1" € R*||ls,|l < 5,}, where s,

+B

where A = Then,

[T

(g™ + L', L', and 5, satisfies /% < w
with 3 = 5—; and |la,(l| < @, for all t+ > 7. Therefore,
from ||RT|| = 1, J|A] < ,/6+3k§, and ||B| < V6, one has

Iy, w21 < J6 + 37N + 191 + V6llin", 717l Thus rel-

ative position r, and relative velocity v, ultimately converge to
the bounded set
2(6 + 3k w

Q= {[r},vZ]T - St \/65,,}.

This means that the ultimate bound of the relative position and
relative velocity can be regulated to the small neighborhood of
zero by choosing suitable designing parameters k, and 3,,.

T T T
lre, v 'l <2

Theorem 2. Consider the relative altitude dynamics in (13)
and (14), and the relative attitude dynamics (11) and (12) un-
der the Assumptions 1 and 2. Design the auxiliary system (43),
control thrust (42), and control torque (45) for the quadrotor
under the condition (28). Then the relative altitude v/, and rela-
tive attitude o, ultimately converge to the small neighborhoods
of zero by choosing suitable designing parameters.

Proof: Consider the Lyapunov function V' = 2[( 3)2
W 3)2] + V6 Then the time derivative of V’ is V' = Pt +
e3vg3 + 0' o, + wTme From r3 = ry3 — 1 and v3 =
vm3 —a -7, one has r3 =V, +a = —ksr,; +V; and

=—fz—g+d + - —d —if, where d’ denotes the third entry

of the term Rd,. Then from |d’| < d;, (42) (43) and (46) one
’ mm{ks kg}

alsohas V’ < —2max{1 3
6ke. Thus 7,3, V.3, 0, Wy, ultimately converge to the followmg

. 2 —_— 2
bounded sets, Qs = {FesllFesl < /) Q6 = {TesllPesl < 22

O = (oelloell < \E) Qs = {wplllo,ll < 25}, Thus, from

?;3 =Tm3 — T]' and ‘_/;3 =V —a - f],, one has

-k, V' +¢, where k,, and ¢ = +

Tm3 Te3 n

5 /

A V3 | Ve3 | 1

Pm o, o, 0
w, Wy, 0

where A’ = diag{A],A}}, B = diag{h,A})}, A} =

IA

1 0 , | B 0;
[ ks 1 ], Al = [ Ckols Iy } Then, one has |[|p,ll

\J8 + K2+ 33 (sl + [Veal + lloell + llwml) + /8 + 3K311[77, 717
Since Fm3 = [R31,R32,R33]r; and Vm3 = [R31,R32,R33]V;, where
R31, R3;, R33 denote three elements of the third row in the rota-
tion matrix R, then it is concluded from Lemma 1 that

-

based on ||[R31,R32,R33]|| = 1, where p;n £ [ré3, e3’0- w
. . _ . +/, tanh? (57, )

= " + Ln", 1y"]T, and 5, satisfies yy;l%(;;] <1

with I} = (1’)’ and [la;()Il < @, forall 1 > 7.

altitude 7/, and relative attitude o, ultimately converges to the

small neighborhood of zero by choosing suitable designing pa-

rameters k,, and §,.

llopll < 4

28+k2+3k2
28K+ 3K | 8 + 3K2 }

T]T’

5

Thus relative

Remark 9. Because of the under-actuated property of the
drones, the completed mission is divided into two phases, so
the switching condition is critical for the tracking and land-
ing. Because the tracking and landing phases mainly related
with the relative distance between two vehicles, so the land-
ing phase is viewed as the relative disturbance should be rel-
atively small from the tests in simulations. When the relative
height of the drone and the ship deck is very small, the rela-
tive horizontal position errors of the vertical landing phase are
acceptable in practical situation. If the relative height is rela-
tively overlarge, then the relative horizontal position errors in
landing phase will be quickly increased in the short time so that
the landing phase is unsafe. Therefore the switching condition
should be set based on the precisely relative-height measure-
ment and the safety requirements of the relative horizontal po-
sition errors in final landing phase. This switching condition
design and stability analysis of the overall system should be
further studied in future.

5. Simulations

For validating the proposed control strategy, the small-
scaled quadrotor and ship are employed in simulations. The
parameters of the quadrotor and ship are listed here. The
mass and inertia matrix of quadrotor are m = 7.4(kg) and
J = diag(0.16, O.3,0.31)(kgm2), respectively. The mass
and inertia matrix of ship are my; = 50(kg) and J;, =
diag(30, 20, 30)(kgm?), respectively The external force and
torque of ship are assumed as d; = [1,0.01,0.06 sin(¥)]” (N),

= [0.1sin(57), 0.1 cos(1.517), 0.1 sin(56)]7 (Nm).

In the relative position approaching phase, the external dis-
turbances of the quadrotor are assumed as

0.2 sin(0.57) + 0.25 cos(0.51)
0.25sin(0.5¢) — 0.2 cos(0.57) [(N),
0.15sin(0.5¢) + 0.15 cos(0.5¢)

dy =

w, = 0.1d,(Nm). The initial states of the quadrotor are set
as r(0) = [10,10,8]"(m), o7(0) = [-0.002,0.002,0]7, »(0) =
0(m/s), w(0) = O(rad/s), ps = [-1.5,0, 117 (m), and the initial
states of the ship are set as zeros. The controller parameters



are set as ky = 1.2,k, = 3,k; = 0.5,k4 15,81 = 0.6,8, =
09,0, = 1.8, = l,w, = 19,{ = 1.2,e = 0.05,d = 0.5,Ww =
0.2, and (0) = 7(0) = 0.

In the vertical landing phase, to simulate the randomness of
landing environment, the external disturbances of the quadrotor

are assumed as

0.2 sin(0.57) + 0.25 cos(0.5¢)
0.25 sin(0.5¢) — 0.2 cos(0.517)
0.15 sin(0.5¢) + 0.15 cos(0.5¢)

d, =0.01 + 0.5Rand(N),

wy, = 0.1d,(Nm), and Rand denotes the three-dimensional nor-
mal distribution random function with zero mean and 0.05 vari-
ance to simulate the random disturbances. The vector p) is
set as [-1.5,0,0.5]7(m). The initial pose of the quadrotor
and ship are set the same as the final pose of relative posi-
tion approaching phase: r(0) = [34.43,0.75,0.86]" (m), o-(0) =
[2.16,-8.4,-1.25]" x 1074, ry(0) = [35.98,-0.6,0.15]7(m),
o,(0) = [0.01,0.0012,0.01]7, and the initial linear and angu-
lar velocities of two vehicles are set as zeros. The controller
parameters are set as ks = 2,k = 1,k; = kg = 15,y =
25,7, = 5,0y = 05,1, = 0.7,e = 0.2,d = 0.2,w = 0.1, and
n'(0) =17(0) = 0.

Figures 3-9 show the simulation results of the relative posi-
tion approaching phase using the proposed controller. The rela-
tive motion shown in Figure 3 illustrates that the quadrotor can
approach directly above the ship and track the arbitrary three-
dimensional trajectory of the ship. This result also implies that
the proposed controller can be applied on collaborative task s-
cenarios. Figure 4 displays position trajectories of two vehicles,
where the difference between two vehicles in x axis and z axis is
owing to the distance between the origin S and the target point
P. It can be seen in Figure 5 that relative position errors con-
verge to zero within 20(s). Figure 6 and Figure 7 illustrate that
the attitude motion of the quadrotor can track the desired MRP
attitude of the inner-loop. Figure 8 and Figure 9 show control
inputs of the quadrotor and external disturbances, respectively.

To highlight the advantage and effectiveness of the pro-
posed method, we compared the proposed method with the non-
adaptation version, because overcoming the impact of complex
marine environments is one of keys for shipboard landing con-
trol. From the comparative simulation result in Figure 10, it
is obvious that the adaptation law is beneficial to compensate
for the impact of external disturbances. Figures 11-15 show
the simulation results of the vertical landing phase based on the
proposed controller. From Figure 11 and Figure 12, it can be
observed that the vertical landing phase is completed after 1(s).
At the landing time 1(s), the altitude and attitude of two vehi-
cles are synchronized, and the relative horizontal position errors
(refers to red hexagonal stars in Figure 13) are r,; = —0.062(m),
reo = 0.102(m), which are inevitable and acceptable. Further-
more, as shown in Figure 13, we can conclude that the quadro-
tor should stop the engines before the time of 1(s) to achieve
the final high-precision and safe landing mission, since the rel-
ative horizontal position errors would be largely increased if the
quadrotors is still horizontally moving. Figures 14-16 show an-
gular velocity of the quadrotor, control inputs of the quadrotor
and external disturbances, respectively.

In order to satisfy the generality, we evaluated the control
performance with different desired horizontal landing sites. The
result shown in Figure 17 indicates that the proposed controller-
s can guarantee the successful and relatively precise shipboard
landings. Therefore, it’s reasonable to conclude that the pro-
posed controllers are efficient enough to accomplish the au-
tonomous shipboard landing operations despite the horizontal
position errors between the final landing site and desired land-
ing site. Furthermore, based on above theoretical analysis and
simulation results, it can be claimed that the proposed two-
phases control system designing approach for the quadrotor
shipboard landing missions is effective with acceptable control
effort and transient response performance, while the stability
and safety of shipboard landing operations are guaranteed.
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Figure 4: Three-dimensional relative motion of the position approaching phase.
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Figure 5: Position trajectory of two vehicles in the position approaching phase.
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Figure 8: Angular velocity of the quadrotor in the position approaching phase.
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Figure 15: Angular velocity of the quadrotor in the vertical landing phase.

Figure 16: Control inputs of the quadrotor in the vertical landing phase.
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6. Conclusion

A novel two-phases control designing approach including the
autonomous position approaching phase and the autonomous
vertical landing phase for the shipboard landing mission is pro-
posed in this study, where the dynamical model of relative mo-
tion between a quadrotor and a ship is derived with consider-
ing model uncertainties and the effect of landing site on the
deck misaligned with the centre of mass of the ship. In particu-
lar, control singularity of the quadrotor is avoided by using the
saturated force inputs and the bounded auxiliary system, while
the second-order command filter is employed to avoid the com-
plicated time derivative calculations. Theoretical analysis and
simulation results verify that the proposed controller can ensure
the ultimately uniformly convergence of tracking errors under
suitable tuning parameters. Future works will focus on the con-
trol design and performance analysis for uncertain autonomous
quadrotors working in dynamical transition process from au-
tonomous position approaching phase to the autonomous ver-
tical landing phase. Meanwhile, in order to ensure the safe
maneuver of quadrotors, the pitch and roll angles of quadro-
tor should be constrained in prescribed values, thus the corre-
sponding attitude constrained control problem will be further
considered in future. Furthermore, the experiment tested on re-
al quadrotor will be also the future works.
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