Nonlinear Dyn (2021) 106:323-338
https://doi.org/10.1007/s11071-021-06837-x

®

Check for
updates

REVIEW

Modeling and nonlinear energy-based anti-swing control of
underactuated dual ship-mounted crane systems

Die Hu - Yuzhe Qian
Yuzhu Chen

- Yongchun Fang -

Received: 19 January 2021 / Accepted: 16 August 2021 / Published online: 3 September 2021
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract As the volume and the mass of the payload
increases, it is often necessary to use two ship-mounted
cranes to jointly transport huge payloads under marine
environment. Compared with a single ship-mounted
crane, dual ship-mounted cranes contain more state
variables, geometric constraints and coupling dynam-
ics, which bring more challenges in kinematic analysis
and controller design for such complicated underac-
tuated systems. In order to solve these problems, the
dynamic model of the dual ship-mounted crane systems
is established based on Lagrange’s method. Consider-
ing different practical requirements, two energy-based
nonlinear controllers for dual ship-mounted cranes
are developed, including a full-state feedback control
method and an output feedback control method. More
preciously, during the control design process, the sat-
uration constraints of the controllers have been fully
considered. Meanwhile, the proposed controllers can
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achieve accurate positioning of the double-constrained
derricks as well as effective elimination of payload
swing. The stability of the equilibrium point of the
closed-loop system is analyzed by using Lyapunov
techniques and Lasalle’s invariance principle. As far
as we know, the modeling and the output feedback
controller design of dual ship-mounted cranes are pro-
posed for the first time in this paper. At the same
time, the design and analysis process does not need to
linearize the complex nonlinear dynamics equations,
while the proposed output feedback control method is
robust against the situations when the velocity signals
are unknown/unavailable. Finally, a series of experi-
ments are carried out to verify the effectiveness of the
proposed nonlinear controllers.

Keywords Dual ship-mounted crane systems - Anti-
swing control - Nonlinear system - Motion control -
Lyapunov techniques

1 Introduction

Generally speaking, most practical mechanical systems
are nonlinear systems, which play increasingly impor-
tant roles in industry areas [ 1-4]. In particular, some of
them exhibit underactuated characteristics, namely that
the system control inputs are less than their degrees of
freedom (DOFs) [5-8]. As a typical underactuated sys-
tem, crane systems have attracted more and more atten-
tions due to their advantages of high carrying capacity,
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good operation flexibility, and low energy consump-
tion [9-17]. However, during the transportation pro-
cess, the payloads will swing back and forth unexpect-
edly, which not only greatly reduces the transporta-
tion efficiency, but also poses a danger to the workers
around it. Therefore, the primary control objective of
the crane is to transport payloads to desired locations
as quickly as possible, while suppressing unexpected
payload swings.

Offshore cranes are essential transportation tools
installed on ships under marine environment, which
are widely used in the construction and mainte-
nance of marine facilities, replenishment at sea, load-
ing/unloading of cargoes, and so on. With the devel-
opment of marine industry, offshore cranes become
increasingly important to transport cargoes, therefore,
the modeling and control of offshore cranes have
attracted extensive attention in recent years. In [18],
a prediction algorithm is developed to deal with the
uncertain trajectories induced by the movement of the
target ship, and an increased adaptive NN-based track-
ing control method is presented. To deal with unknown
parameters and handle unknown disturbances, espe-
cially unmatched disturbances, a new adaptive robust
coupling control approach is proposed in [19]. By intro-
ducing an error-related bounded function on the slid-
ing surface, Yang et al. [20] propose a controller that
can realize the positioning of the boom/rope in a finite
time. Through a learning law to deal with the sea waves
problems, and an adaptive law to handle the unknown
system parameters, Qian et al. [21] propose an adaptive
repetitive learning control strategy. However, most of
the above methods [18-21] are applied to lifting tasks
with small volume or small mass loads between the
ship and the port/land. For lifting some large or heavy
loads between ship and port/land or lifting heavy loads
between two ships in marine environment, due to the
need to deal with additional state constraints between
two cranes, the existing control strategies for single
ship-mounted crane systems are not applicable to the
dual ship-mounted crane systems.

Due to the limited working capacity of single ship-
mounted cranes, the offshore dual ship-mounted crane
systems are widely used in complex environments
to complete heavy payload transport tasks. However,
although they are both underactuated systems, com-
pared with the single ship-mounted cranes, double
ship-mounted cranes contain more state variables, geo-
metric constraints and coupling relations. Therefore,
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not only the swing of the rope should be fully con-
sidered, but also the rotation of the payload around
itself should be eliminated. Meanwhile, the complex
kinematic and dynamic characteristics of dual ship-
mounted cranes make controller design and stability
analysis more challenging than a single ship-mounted
crane system. Based on the modeling of collaborative
crane, Lu et al. [22] use Lagrange’s equation to estab-
lish the dynamic model of a four-rope crane. Fu et al.
[23] built a 7-DOF dual rotary crane model, and accord-
ing to the payload constraint condition to simplify the
model of five DOFs. Lu et al. [24] fully consider the
coordination between cranes and proposes an efficient
nonlinear coordination controller. In order to solve the
control problem of DRCS (dual rotary crane systems),
in [25], Sun et al. developed a bounded output feed-
back controller which realizes the accurate positioning
of the boom and eliminates the swing of the payload.
Most of the above methods [22-25] are applied to the
control tasks between two cranes fixed on land. How-
ever, for the lifting tasks that need to be completed in
the marine environment, due to the additional need to
deal with the interference effects of waves that can-
not be ignored, these existing control strategies are
also not suitable for dual ship-mounted crane systems.
Therefore, more effective control methods should be
proposed to solve the complex control problems of
accurate payload position, payload swing suppression,
external disturbances rejection, etc., for such underac-
tuated dual ship-mounted cranes systems.

Generally known, stability analysis is of great
importance for nonlinear control system [26,27]. In
[28], Omar Naifar et al. developed a quasiuniform sta-
bility result for fractional-order neural networks with
mixed delay, which is based on the generalized Gron-
wall inequality and the Caputo fractional derivative.
In [29], sufficient conditions on the practical Mittag—
Leffler and Mittag—Leffler stability are given based on
the Lyapunov technique. In addition, the parameters of
the system have a great influence on the control per-
formance of the system [30,31]. In [32], the effects of
single design parameter error, such as the manufactur-
ing tolerance of each part and assembly error, on the
performance of the quasi-zero-stiffness (QZS) isolator
are studied thoroughly. In [33], uncertainty quantifica-
tion and sensitivity analysis studies focus on the elec-
tromagnetic torque, flux linkage, and core loss of the
permanent magnet synchronous machine.
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So far, rarely research on the modeling and con-
trol of offshore dual ship-mounted crane systems have
been published. In this paper, the dynamic model of
dual ship-mounted cranes are derived, and then, with-
out any linearization of the nonlinear dynamics, a full-
state feedback control strategy and an output feedback
control strategy which consider saturation constraint
are proposed. Moreover, we use Lyapunov techniques
and LaSalle’s invariance principle to strictly prove the
corresponding stability. Finally, experimental results
are implemented to verify the effectiveness of the pro-
posed model and control strategy.

Specifically, the main contributions of this paper are
listed in the following aspects.

(1) In this paper, a novel nonlinear dynamic model of
dual ship-mounted crane systems are developed,
which can obtain the control tasks of lifting heavy
payloads in marine environment.

(2) For the 5-DOF dynamic model of dual ship-
mounted cranes, ship roll disturbances are fully
considered as a part of cranes dynamics. Moreover,
a simplified 3-DOF dynamic model is established
according to the system constraints, which brings
much convenience to the controller design.

(3) The proposed energy-based controllers can achieve
precise positioning of the huge payload, while pay-
load swings can be eliminated effectively. Mean-
while, asymptotic stability for the desired equilib-
rium point in the presence of persistent ship roll
disturbances can be guaranteed.

(4) Saturation constraints of the controllers are consid-
ered, and the velocity feedback signals are unnec-
essary in the output feedback control method.

The rest of this paper is summarized below. Section 2
depicts the establishment and the simplification process
of dual ship-mounted crane systems. Then in Sect. 3,
based on the control target, two energy-based nonlin-
ear controllers are developed, and the system stability
is analyzed by using Lyapunov techniques. After that,
Sect. 4 provides a series of experimental results to ver-
ify the effectiveness of the proposed control method.
Finally, the summary of this paper is given in Sect. 5.

2 Dynamics analysis and model transformation

In this section, we first establish a 5-DOF model
through the geometric relationship of the model. And

Fig. 1 illustration for the dual ship-mounted cranes system

Table 1 Parametered of the dual ship-mounted crane systems

Parameters Physical Units
my Booms mass kg
m Payload mass kg
L Booms length m
l Ropes length m
D The distance between ship A and ship B m
o Ship A roll angle o
an Ship B roll angle o
o1 Boom A pitch angle in /g °
1033 Boom B pitch angle in Ig °
3 Rope A swing angle in /g °
Pa Rope B swing angle in I °
¢5(n5) payload swing angle in /g °
N1 Boom A pitch angle in /4 °
n Boom B pitch angle in /g °
n3 Rope A swing angle in /4 °
N4 Rope B swing angle in /p °

according to the constraint conditions between the
two cranes, the model is simplified to three DOFs.
This technique will greatly facilitate the correspond-
ing problem analysis and controller design.

The dual ship-mounted crane systems are composed
of two booms, two ropes and a payload, as shown in
Fig. 1. The center of gravity of the two spiral arms and
the load are defined as p1, p2, po; The points at which
the two ropes intersect the load are defined as po; and
P02, respectively. We involve three coordinate frames
to describe the system, including two ship-fixed frames
14, Ip, and the land-fixed inertial frame /g. The origin
of the world coordinate system is set at the center of
gravity of ship A. Assuming that ship B and ship A
are located on the same horizontal plane. The system
parameters are listed in Table 1.
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Assumption 1 During the overall transport process,
the boom pitch angles and rope swing angles are
within the following ranges: n1, 2 € (0, %), N3, N4 €
(-Z.5).05 € (0.7).

2.1 Dynamics analysis

To facilitate our description, the following concise sym-
bol are adopted:

Sy = sinn;, Cy, = cosn,

Spi—o = Sin(@i — k), Cp—oy = COS(Pi — k),
Spitn; = sin(mi +nj), Cyqn; = cos(n;i +n;),
i j=1,2,3,4,5G#j), k=1,2

In order to establish the dynamic model of the dual
ship-mounted crane systems, we first analyze the kine-
matics of each part of the system. As shown in Fig. 1,
the coordinates of each point in the system in /g are as
follows:

T
p2 = |:D — =LCyp—ay, ELS¢270¢2:| )

T

po1 = [LC¢170J1 +ZS¢370t17 LS¢1*O¢1 - lC¢3*a|] >
T
po2 = [D — LCpy—ar +1Spy—ays LSpyp—ay — lC¢4—a2] ,

1 1 !
pPo = D) (xpm +xp02) — bCys, 2 (ypm + )’poz) —bSgs |

where, x,01 and y,01 represent the abscissa and ordi-
nate of pop, respectively, and x 02 and ypo2 represent
the abscissa and ordinate of pg», respectively.

Taking the derivation of the point pg with respect to
time, then we can obtain the velocity of the payload in
I as follows:

. 1 . P ;
po = [2(—L(¢1-a1)s¢]-a. + L$2-62) Spr-ccr + bS53
+ U(p3-a1) Cpy-ary + 1($4-62) Copy-arr)
1 L L j
E(L(¢1'a1)c¢l—0t1 + L(¢2-(X2)C¢2-a2 - bC¢5¢5:|

+ 1(3-G1) Spy-ary + 1 (a-G2) S, -2). (1)

@ Springer

Lagrange’s equation is used to build the model in iner-
tial coordinate system. Lagrange’s equation is:

— () — 7 = Ok 2
k

in (2), g denotes the system state. Qy is the generalized
force exerted on the system, 7 is the kinetic energy of
the system. The generalized force Qj which contains
the driving force and the gravity force which can be
obtained by the virtual work done by each force.

The kinetic energy of the system includes the kinetic
energy of the two booms and the payload:

1 .o 1 L2
T = 6m1L2(¢>1-<¥1) + gmsz(qbz-Otz)

1
+ Em(ﬁo)TﬁO. 3)

By applying Lagrange’s equation, after rigorous calcu-
lation, we can get:

fmym
dr \ 9¢, A

1 . . (2
=~ LOLMSp114y-01-0 (P2 — 62)
. .2
= 3ImSyp, — s (3 — 1)
.2

= 3ImCy,—¢y-a)+ar (P4 — @2)

+ 6bmSp, oy ps b2

—3Lm(y — 1) — 4Lmy($1 — 1)

= 3LmCy)+pa-ar (B2 — @2)

+ 3Im Sy, — s (3 — @1)

+ 3ImSy, —py-ay+ar (&4 — )

+ 6bmCyp o —ps $5)

d ( oT ) oT
dr 8(].52 Jog)
1 ; .2
= —EL(3LmS¢1+¢2-a1-a2 (p1 —ap)

— 3ImCpyigy-c-ar (P3 — a1)

— 31mCoy 1 s 20 (s — a2

— 6bm Sy, —ar -+ ¢§

— 3LmCopy 1 py-an-or (b1 — 1)
—4Lmy($y — ) — 3Lm (2 — da)
— 3Im Syt gs-c-ar (B3 — 1)
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— 3ImS gy + ¢4 —20, (4 — G2) SW =Wy — 8Wg

; 1
+66mCr—argsds) = 1801 + f232 = 5 (m1 + mgLCoy 01

i ﬂ — ﬂ 1 L s 1 s 5
dr \ogs /) 9¢s — 3+ m)gLCyy—ay0¢2 — SMELSp;—a 063
1 . 1
= JIm(=LCy (1 — 1))’ — 3M81Sgy a4 + mgbCosSis. 5)

.2
L o —
+LCortraiar(d3 — 1) According to the definition of generalized force: Q =

+ 1Sps—py-ay+ar (Pa — @2) %‘;, where, 8¢y, is the virtual displacement in the direc-
+ 26C sy ¢52 tion of each state quantity, we can get the force/moment

of the dual ship-mounted crane systems in the direction

~ LSpi—g3($1 — 1) of five state variables ¢, ¢2, @3, P4, Ps:

+ LSgyt gy (2 — G2)

+ (g3 — 1
(¢3 (Xl) . ) Ql = fl —_ z(ml =+ m)gLCq)l—ql,
+1Cps—py-a)+ay (P4 — 2) 1
— 2bSgs—a1—¢5P5) Q2= fo = 5 +m)gLCp—a,.,
1
i <£) _ T 03 = _Emglstﬁs—ﬂtlv
dr \ 9¢a 04

1
1 . .2 Q4 =—=mglSp,—as,
- Zlm(_LC¢1*¢4-0t1+a2(¢l —ay) 2 pamee

+ LCpy+py—20, (2 — 2)
— 1Spy—ps-a)+an (3 — )2 In order to facilitate the controller design, new aux-
+2bCpy—ar—gs ¢§ Eliggé 1‘state variables are introduced to transform the

— LS, g4y +ar (b1 — 601)

+ LSpytgu—20, (2 — 62)

+ 1Cps—gyan oy (B3 — 1)

+ 1(s — §2) — 2bSpy—ar—psPs)

d <8T) oT
dr \ 8¢ s
¢s 1 ) 5 N=@1 — a1, N=¢2 — a2, P3=¢3-01, N4=d4 — a2,
= _Ebm(_LS¢17Q17¢5 (¢1 - Ol]) }75:(155,

ni=¢1-ay, np=¢2 — a2, N=P3—ay, N4=P4 — a2,
ns=os,

whose velocity signals can be obtained as:

— LS 45 (2 — & )2
- 2 — a2
$2-a2tes Then according to Eq. (4) and (6), and utilizing the

+1Cps—a1—¢s (é3 — ‘5‘1)2 Lagrange’s equation (2), the model can be obtained as:
+1Cyar—gs (s — @2)°
+ LCpy—ay—gs (P1 — 1)
+LC,, .4 (2 — i)

Mi+Vi+G=U, )

.. wherein, ¢ = [n1, 12, 13, 4, 1517, M € R, V €

+ 1Sp3—o1—g5 (93 — 1) R, G € R, U € R’ represent the inertia matrix,

+ IS¢y —ar—¢s (q}54 — o) — 2b<}55). @ Coriolis centripetal force matrix, the vectors of gravi-

ties and the vectors of the control inputs, respectively.

The sum of the virtual work done by the system’s More details of M, V, G and U please see Appendix
driving force and gravity is: A.
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According to the definitions of M and V, the fol-
lowing properties can be obtained through algebraic
operations [34]:

Property I M is a positive definite symmetric matrix.

Property2 M/2 — V is a skew symmetric matrix,
namely:

ET(M/2—-V)E=0, VE € R

These two properties will facilitate the subsequent
design and analysis of dual ship-mounted crane con-
trollers.

Remark 1 By introducing new auxiliary state vari-
ables, the coupling between the original state variables
and the disturbance variables strengthened, which can
effectively deal with the disturbances and facilitate the
controller design.

2.2 Model transformation

As can be clearly seen from Fig. 1, the system has the
following geometric constraints:

{D = LCyy = LCy +18y, —1S); =208y, o

LSy — LSy, —ICpy +1Cyy = 2aCys.

According to the above equation, it can be deduced that

only two variables of the five variables [11, 72, 73, 74, ns]T

are independent. However, explicit functions cannot be
derived from constraints. For convenience and without
loss of generality, we assume:

na = g1, n2, 13, 9
ns = h(n1, n2, n3). (10)

Taking the derivative of the above equation, one can
obtain:

N4 = g1 + g2m2 + 83103, (11)
N5 = hin1 + hana + h3ns. (12)

It can be obtained from Eq. (8):

LGy

LCp,+
g1 = _ _ECmtns

15714—775

- )
S’M —ns

’ 3

1S774 U
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hy = LCUI*’M — _ Lcnz+n4 _ lC,73,,74
2aSy,—ns 2aSy,—ns 2aSy3—ns
(14)

To simplify the dynamic model, the constraint condi-
tions are substituted into the system:

My=NTMN, Vo=N"MN + NTVN,
Go=N'G, Uy=N"U, (15)

wherein, the matrix of N is depicted as:
1 00
010
001

N = (16)

—
(5]

81 82 8
hy hy hj
Then the dynamic equation of the system can be
depicted as:

Mogo + Vogo + Go = U, (17)

wherein, gy = [11, 12, n3]T. The simplified model (17)
still satisfies property / and property 2.

Remark 2 Model (7) has five DOFs and two control
variables. After transformation, model (17) has three
DOFs and two control variables, it is still an underac-
tuated system. However, after considering constraints,
the new model reduces the extent of the underactuated,
which is more conducive to improve the control effect.

3 Controller design and stability analysis

In this section, based on the dual ship-mounted cranes
model according to the control objectives, a full-state
feedback control law is proposed, and then an out-
put feedback control law is proposed considering the
unavailable velocity signal. Finally, the proposed con-
trollers are proved strictly by using Lyapunov method.

The control objectives are realized through the reg-
ulation control of dual ship-mounted crane systems,
which can be summarized as follows:

(1) Driving the booms to the target position 74,which
can be expressed mathematically as:

lim [n1, 721" = [na, nal” .
—+o0
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(2) Eliminating the swing of the payload as soon as
possible, that is:

lim [n3, 04, 1517 = (034, N4a> 15a1”
t—+00

where 1;4(i = 3,4,5) represents the expected pay-
load swing angle. Through geometric analysis, it can
be obtained that:

D —LC,,, — LCy,, —2a
2

N34 = arcsin

SRS

= —N4d,MN5d =

(3) Considering the practical constraints to keep the
control inputs in the following range:

fl = flmax’ f2 = meaXa

where, f1max and f> max represent the maximum per-
mitted control input value.

3.1 Full-state feedback controller
3.1.1 Controller design

To simplify the subsequent derivation process, we
define the position errors as follows:

el =n1—N4, €2 =10 —Ng, = € =11, €2 =1p.
(18)

The Lyapunov candidate function is designed as:

L. .
Vi = 340" Modo +mgh(l = 5;,)

1
+ 5mgl [(Coy + Cpyp) = (Coy + C)]
2

1
+ka,~ [e; arctan e; — 3 In (1 + e,~)2]. (19)

i=1
Taking the time derivative of Vr results in:
Vi = %éoTMoéo + g Modo
+ lmngm n3 + %mngm1'74—mgbC,75 s

2
+ kp1é; arctan ey + kpné arctan ep

=4¢ (Modo + Vogo) + 4¢ Go
— S0+ mELCy iy — S(mAmyELCyyi
+ kpyéy arctan ey + ke arctan ey

=44 (U — Go) + 44 Go
— Sn 4 mELCyy iy — 3 (mprmgL Cypi

+ kp1é; arctan ey + knés arctan ey

1 .
= |:f1 + kp1 arctan e — E(m + ml)gLCm] 3

1 .
+ |:f2 + kpp arctan ey — E(m + ml)gLCWz} €2

(20
Based on (20), the controllers are designed as:
f1 = —kpy arctan e; — kg arctan é;
+ 5 0n - mgLC, 1)
fo = — kpoarctan ey — kg arctan ép
+ %(m—i—m;)gLCm. (22)

Since the function arctan(x) is bounded, the gain can
be controlled by adjusting to meet the following con-
clusions:

b4 T 1

Ekpl + Ekdl + E(m +mp)gL < fimax

T

T 1
Ek[ﬂ + Ekd2 + E(m +mp)gL < fomax-

Thus, the control inputs can be kept within the desired
range, and the controller input can be prevented from
exceeding the working capacity and entering into a sat-
uration state, which may significantly reduce the con-
trol performance and even lead to system instability.

3.1.2 Stability analysis
Theorem 1 Fordual ship-mounted crane systems shown

by (17), the controllers (21) and (22) can achieve the
expected control objectives, that is:

im  [01, 12, 13, N4, 05> 01> 02, 13, T4, 0517
t—+00

= [1d> Nd> N3d> Nad M54, 0, 0, 0,0, 017

@ Springer
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Proof By substituting (21) and (22) into (20), we can Lo, thus:
get:
1
VF = —kgyej arctan é; — kgoéo arctaney <0,  (23) fr= EgL(m +m)Cy =0, 1p1()] = Ci, (29)
thus, Vr(t) < Vg (0).Since VF(0) isbounded, Vg (¢) € substituting (29) into (25) derives:
L. Based on this, the following conclusions can be
drawn from Eq. (19) : —kj arctan e = 0, (30)
7717 )727 n37 ’74’ 775, 771, 772: )739 7747 ’757 elv 62, ‘i:l’ EZ € LOO thuS:
Defining a collection 221 = {(qo, 4o) |V (t) = 0}, and
remember that 7; is the largest invariant set in £2;. er =0, n =mna, GD
According to Eq. (23), it can be seen that:
In the same way:
e1 = pi,e2 = P,
L é1=¢é, =0, fz—lgL(m—i—m[)C d
a=e=0=0 0o T = i) (32)
n=2pBm=pBsi1=i2=0, 8a’
(24) .
wherein,
therefore, the control inputs can be regarded as:
1 p2(-) =2alaSp,+n; + S
fi = —kp1arctan By + = (m +m;)gLChg,, (25) s
% X (_bCﬂ4+n5 Spy—ns T ASpyny Snafns)]'
f2 = —kpp arctan B, + E(m +my)gLCpg,. (26)

By substituting (25) into the model Eq. (17), it is sim-
plified as follows:

fi—3gLm+m)Cy  d
p— = SO, @7
—@ Lm
where
1
p1() =4alaSg,—p, + <
na=1s
x (bcﬂz—ns Spy—ny T aSpy — 774S773—ns)]'
To integrate on both ends of the (27),
fi — 38L(m +my)C
p1(-) = - Lt +C1, (28)
_Wle

in which, C1 is a constant.
Assuming that f; — %gL(m +m;)Cy, # 0, when
t — 00, |p1(-)| = oo. It’s not difficult to see p; () €

@ Springer

To integrate on both ends of the (32) yields:

fo— LgLim +m)Cy,

; t+Co,

p() = (33)

in which, C; is a constant.

Assuming that f> — %gL(m +m;)Cy, # 0, when
t — 00, |p2(-)] — oo. It’s not difficult to see p2(:) €
L, thus:

e =0,172 =14, (34)

Through a series of mathematical calculation, we
can get: 75 = 75 is always true when the system is
stable, where the proof of 5 = % can be found in [25].

Based on the payload constraint relation (8), when

M =14, N2 = Na, N5 = %, it can be seen that:

{ls,73 =18y, +2a=D—2LCy,, (35)

IC,, —1Cyy =0,
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according to the above equation,

D—LCy, — LCy,, —2a

= arcsin L3 = —14,
n3 1 3] n3 N4
(36)
thus:
lim (03, 14, 15, 03, 04, 0517
t——+400
T T
= [773d, M4d> 5 0,0, 0] , 37

From equations (24), (31), (34) and (37), it can be seen
that the maximum invariant set t; only contains the
equilibrium point:

(01, 12, 135 N4, 05, 015 125 13, 74, 0517

= [11d> M2aM3d> N4d> M54, 0,0, 0,0, 017

According to LaSalle’s invariance theorem, the system
is asymptotically stable at the equilibrium point. There-
fore, the proof of Theorem I is completed. O

3.2 Output feedback controller
3.2.1 Controller design

It can be seen that the full-state feedback controller
requires velocity signals which are unavailable in some
cases. In order to overcome this shortcoming and
improve the robustness of the system, the control law
is further extended and some auxiliary signals &; and
& are introduced to replace the velocity signals in the
control law.

The Lyapunov candidate function is redesigned as:

1. .
Vo = EqOTMOqO +mgb(l — Sy5)

1
+ Emgl [(CUSd + Cy) — (G + C?74)]

2
1
+ kai (e; arctan e; — 3 (1 + ¢;%))
i—1

2
£ Gacang — (5. GY

i=1

Taking the time derivative of V¢ results in:

"/ _ l . TM . . TM .
0 = 540 090 + 49 Moqo
1 . 1 . .
+ Emng,73 n3 + Emng,M7]4—mgbC,,5 05
+ kp1é1 arctan ey + kpoé arctan ey
+ S (arctan & + éz arctan &
= 44 (Modjo + Vodo) + 44 Go
1 . 1 .
— E(m +mpgLCp 1 — E(mz+m)gLCn2n2

+ kp1é; arctan ey + kné arctan ep
+ él arctan &| + éz arctan &
=g (U — Go) + 44 Go

1 . 1 .
- E(m +mp)gLCy 1 — E(mz+m)gLCn2772

+ kp1é; arctan ey + kné arctan e;
+ &) arctan & + & arctan &

1 .
= |:f1 + kp arctan e — E(m + ml)gLC,,l] el

1 .
+ |:f2 + kpp arctan e — E(m + ml)gLCn2i| é

+ & arctan &) + & arctan &. 39)
Therefore, design that:
&1 = wi +kaimi, &2 = wa + kaoma, (40)
substituting Eq. (40) into (39):

Vo =(f1 + k,1 arctan eq + kg1 arctan &;
1 .
- E(m +mp)gLCy)eér
+ (f2 + kpp arctan ey + kg2 arctan &
] .
— E(m +mp)gLCpy)es

+ wq arctan &1 + w; arctan &;. “41)
We can design that:

Wi = —kg1§51 = —kqg1 (w1 +kaim),
Wy = —ka2kr = —kg2 (w2 + kgon2), (42)
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then substituting (42) into (40), we can get:
§1 = —ka1(51 — M), &2 = —ka2(52 — M). 43)

Substituting the designed auxiliary signal (40) into the
Lyapunov function (38) and taking the time derivative
of Vo:

Vo =(f1 + kpi arctan ey + kg arctan &
1 )
- E(m +mp)gLCy e
+(f2 + kpp arctan ey + kg arctan &
1 )
- i(m +m)gLCpy)er

— kg1 arctan &1 — kgo&p arctan &,. 44)

Therefore, we modify the controllers to construct the
output feedback controllers as follows:

fi = — kpi arctane; — kg arctan &;

+ %(m +mpgLCy,, (43)
f>» = — kpp arctan ey — kg arctan &

+30n 4+ mgLCy, (46)

Remark 3 When comparing the control law (45) and
(46) with the full-state feedback controller (21) and
(22), it can be seen that the velocity signals ¢; and ¢é;
in (21) and (22) have been replaced by the auxiliary
signal &1 and &, successfully, and the constructed out-
put feedback controller can be regarded as two output
variables designed according to the system state vari-
ables 11 and n7; meanwhile, it can be regarded as an
extension of the original full state feedback controller.

Remark 4 Infact, the control strategies are proposed to
ensure that the input signals f, f> are bounded. Since
the function arctan(x) and cos(x) are bounded, the
gain can be controlled by adjusting to meet the fol-
lowing conclusions: Sk ,1 + Fka1 + %(m +mpgL <
J1max, %kpZ + %ka’2 + %(m +m)gL < famax- Thus,
the control inputs can be kept within the desired range.
In practical application, the saturation of the controller
can be prevented by adjusting the control parameters
kp1,kp2, kat, kao.

Remark 5 k1 arctan ey, kpp arctan e; are the terms asso- {,’72 =& =0,

ciated with the position error. As the position error

@ Springer

decreases, it decreases until the error converges to 0.
Therefore, Increasing k1, kp2> will reduce the posi-
tioning errors of the system; however, they may also
cause payload swings. kg1 arctan ¢ and kg7 arctan é;
are the terms associated with the velocity error. Increas-
ing kg1, kg> will speed up the response of the system.
However, if k41, k42 are too large, they will cause the
system is not finite. It should also be noted that these
control parameters will affect the upper bound of the
controller input signal. Therefore, in general, we do not
expect to choose too large control gain.

3.2.2 Stability analysis

Theorem 2 Fordual ship-mounted crane systems shown
by (17), the controllers (45) and (46) can achieve the
expected control objectives, that is:

im (01, 12, 13, N4, 05, 01, 12, 03, 04, 0517

t—+00
= [N, N> M3d> Nad> M54, 0,0, 0,0, 017 .

Proof By substituting (45) and (46) into (44), we can
get:

V= —kg1&1 arctan &1 — kgo&p arctan &, < 0, @7

thus, V() < V(0). Since V(0) is bounded, V(¢) €
L. Based on this, the following conclusions can be
drawn from Eq. (38) :

N1, 02, 03, N4, 05, N1, N2, N3,
N4, 75, e1,e2,61,6 € Leo. (48)

Define a collection 2> = {(qo, go) |V (t) = 0}, and
remember that 7, is the largest invariant set in £2;.
According to Eq. (44), in 13:

fl=5=0=&=§6=0. (49)

According to equations (43) and (49), it can be seen
that:

é1=0,¢p =0,
= 1= e1 = Ps,e2 = P, (50)
n = B7,m = Ps,

nm =& =0,
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With some similar analysis in (25)-(37), one can finally
derive the same conclusion in Theorem 1. Thus, the
proof of Theorem 2 is completed. O

4 Experimental results

In this section, we build a simulation model of the dual
ship-mounted cranes in the MATLAB/Simulink envi-
ronment to conduct numerical experiments, and pro-
vide experimental results to verify the effectiveness of
the proposed method.

The physical parameters of the dual ship-mounted
crane systems are configured as:

m; = 2kg, m = lkg, L =0.5m, [ = 0.8m,
2a =0.2m, 2b =0.1m, D = 2m.

Experiment 1: Control performance test
The control gains and parameters of the full-state
feedback controller are selected as:

Kpi =80, Kp» =80, Kq1 =20, Kg =20.

Without the loss of generality, the initial positions for
cranes are selected as:

(1. n2. 3, m4, ms]" = [0°,0°,30°,-30°, 9O°]T

The equilibrium point of the system can be expressed
explicitly as:

m=n2 = 14=20°,

D — 2L cos[ng] — 2a
21

N4a= —n3qa = —33°, ns4= 90°,

= 33°,

134 = arcsin

1
Jia = 5(’" +m))gLCp, = 69N = 1,2).

The output feedback controller control gains and
parameters are selected as:

Ky =120, Kpn = 120, Kg1 = 50, Kg2 = 50.

Specifically, the auxiliary variables of the output feed-
back controller are initialized:

01(0) = 0 (0) = 0 =
£1(0) = kg1n1(0) =0, £&(0) = kg2n2(0) =0,

‘ ‘ ' ' ' |

"e0 201 1
=5 e Experimental Results of 7,
_ 10 == = == = Target Position of 7,
=

0 2 4 6 8 10 12 14 16 18 20
“op 201, {
)
=3 10 e Experimental Results of 7,
a8 == === = Target Position of 7,
0! L L L 1 L L n n | 1
0 2 4 6 8 10 12 14 16 18 20
35
A o
. 30 — EXxperimental Results of My
& == = === Target Position of 7,
25 . . L L . . . L L )
0 2 4 6 8 10 12 14 16 18 20
25 T T T T T 1
ED‘ Experimental Results of A
= .30 == = == = Target Position of 7,
< ‘/\/\/\/»
S o o o e o O O O
35 . . .
0 2 4 6 8 10 12 14 16 18 20
100, - ,
w o :
& 8or s Experimental Results of 7,
= s
. 60f == = == = Target Position of 7
S
o, . . s
0 2 4 6 8 10 12 14 16 18 20
Time [sec]

Fig. 2 Experiment group 1 (Control performance test): Results
of the proposed full-state feedback controller (blue solid lines
denote: experimental results, red dashed lines: target values)

In addition, to better verify the control performance
of the proposed controller, an advanced nonlinear con-
troller proposed in [35] is chosen as a comparative
method. As shown in Figs. 2, 3 and 4, the booms
and ropes can be rapidly steered toward their desired
positions, respectively, under the proposed full-state
and output feedback controllers, which perform better
than the comparative nonlinear controller [35]. Specif-
ically, through fair comparison, it can be seen that there
have no up and down motions around the equilibrium
positions, and the static positioning errors are almost
nonexistent while the swing of the payload is basically
restrained by means of the proposed controllers.
Experiment 2: Robustness test

Owing to the variables and other parameters are not
accurate in some practical situations, it is necessary to
further test and analyze the robustness of the proposed
control method.

Case A: In this experiment, the payload mass is
changed to 10 kg to validate the robustness of the sug-
gested control approach against parametric uncertain-
ties.

Keeping the model parameters unchanged except
the load mass. When m = 10 kg, setting the control

@ Springer



334 D. Huetal.
. T T T T T T T T T ] : : . : E . . i :
20> l ool }
=, 10 e Experimental Results of , <, Experimental Results of 1 for m=10kg
= === == = Target Position of 7, 2 10 === = = Experimental Results of 7, for m=1kg
0 L . L L L A A . . n N N ’ N T
0 2 4 6 8 10 12 14 16 18 20 00 2 4 6 8 10 12 14 16 18 20
T T T T v I t T t ] T T T T T T T T T
=, it Experimental Results of n, o, il — EXxperimental Results of 1y for m=10kg
2 = = = = Target Position of m, & - me = Experimental Results of 1, for m=1kg
0 L L 1 L 1 . \ . . N N N N N T
0 2 4 6 8 10 12 14 16 18 20 % 2 4 6 8 10 12 14 16 18 20
__ 357 35 T T T T T T T T T |
o = '@ /\NW |
=30 355‘/ ——— Experimental Results of 7, <30 ——— Experimental Results of 1, for m=10kg
& 309 0 1 = = == = Target Position of N g === w= = Experimental Results of 3 for m=1kg
25 . . . | . . . . . " N n n N T
0 2 4 6 8 10 12 14 16 18 20 2 2 4 6 8 10 12 14 16 18 20
= 25 i i L ! 4 — EXperimental Results of Ny — -25 T T 7| e Experimental Results of A for m=10kg
_g " === == = Target Position of 7), :o? == === = Experimental Results of 7, for m=1kg
ey ~.-30
{ MAAA~
e ] = |
.35 L L 1 L 1 L 1 1 1 = .35 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
100 T T T T T T T T T ) 100 T T T T T T
w o &0 ‘
= e Experimental Results of 7 = % l\/\/\/‘ {
 50- = = == Target Position of ng ” — Experimental Results of g for m=10kg
= . ) ) ) ) - - - - T = & ; ; . || === === Experimental Results of 1, for m=1kg
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time [sec] Time [sec]

Fig. 3 Experiment group 1 (Control performance test): Results
of the proposed output feedback controller (blue solid lines
denote: experimental results, red dashed lines: target values)
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Fig. 4 Experiment group 1 (Control performance test): Results
of the comparative controller in [35] (blue solid lines denote:
experimental results, red dashed lines: target values)
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Fig. 5 Experiment group 2 (Robustness test): Results of the
proposed full-state feedback controller (blue solid lines denote:
experimental results for m = 10 kg, red dashed lines: experi-
mental results for m = 1 kg)

gain of the full-state feedback controller as: K,; =
800, K2 = 800, K41 = 200, K2 = 200; when
m = 1kg, setting the control gain of the full-state feed-
back controller as: K,1 = 120, K = 120, K41 =
50, Ks» = 50. The experimental results are shown
in Fig. 5, blue solid lines are experimental results for
m = 10 kg, and red dash lines are experimental results
form = 1 kg. As we can see, the control effects of the
full-state feedback controller are not affected by the
mass change.

In the mass robustness experimental of the output
feedback controller, other parameters except load mass
are kept constant. When m = 10 kg, setting the con-
trol gain of the output feedback controller as: K1 =
1500, K2 = 1500, K41 = 800, K42 = 800; when
m = 1 kg, setting the control gain of the output feed-
back controller as: K1 = 120, K = 120, K41 =
50, Kgo = 50. The experimental results are shown
in Fig. 6, blue solid lines are experimental results for
m = 10 kg, and red dash lines are experimental results
for m = 1 kg. It can be seen that under the action of
the output feedback controller, the control effects of
system are not affected by the mass change.
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Fig.6 Experiment group 2 (Robustness test): Results of the pro-
posed output feedback controller (blue solid lines denote: exper-
imental results for m = 10 kg, red dashed lines: experimental
results for m = 1 kg)

Case B: In this experiment, changing the length of
the rope to 1.5 m and keeping the other parameters of
the system the same.

Due to the rope length change, resetting the initial
position of the cranes to select as: [11, 12, 13, 14, r;5]T =
[0°, 0°, 15.5°, -15.5°, 90°]T. Then the balance points
of the system are updated as:

n=n2 = 14=20°,

D — 2L cos[ng] —2a
21

N4a=-N34 = -16.7°, n54=90°.

= 16.7°

134 = arcsin

For the full-state feedback controller, setting the
control gain as: K,; = 800, K, = 800, K41 =
200, K42 = 200. Under the effect of the full-state feed-
back controller, the experimental results are shown in
Fig. 7, As we can see, after the length of the ropes are
changed, the arms can still reach the desired position
within Is, and the swing of the ropes and the load is
also restrained in a small range during transportation.

For the output feedback controller, setting the con-
trol gain as: K,; = 200,K,, = 200,Ks1 =
50, K42 = 50. Under the effect of the output feedback
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= 1 ‘
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20 20 = |
¥
=, 10 == Experimental Results of 7,
Q == = == = Target Position of 7,
o . . . . r : : : :
0 2 4 6 8 10 12 14 16 18 20
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=
=

20 . L L L . . . . .
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- L == = == = Target Position of 7
& 50 5 i

. . . . \ \ \ \ .
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Fig. 7 Experiment group 2 (Robustness test): Results of the
proposed full-state feedback controller (blue solid lines denote:
experimental results for / = 1.5 m, red dashed lines: target
results)

controller, the experimental results are shown in Fig. 8.
Similarly, after the length of the ropes are changed, the
arms can still reach the desired position within 1s, and
the swing of the ropes and the load is also restrained in
a small range during transportation.

This indicates that the two controllers can suppress
payload swing, achieve accurate positioning, and are
robust to unmodeled dynamics.

Experiment 3: Wave interference test

Keeping experiment 1 parameter unchanged and

select:

o1 = 5Ssint, ap = 10sint.

Setting the control gain of the full-state feedback con-
troller as: K1 = 80, K, = 80, Kg1 = 20, Kp =
20. And setting the control gain of the output feed-
back controller as: K1 = 120, K = 120, K41 =
50, Kgo = 50. The experimental results are shown
in Fig. 9. The payload can still be transported to the
desired location, and the swing is suppressed within
about 1 seconds. It is shown that the two controllers
can suppress the wave disturbance, restrain the swing
of the payload, and realize accurate positioning.
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Fig.8 Experiment group 2 (Robustness test): Results of the pro-
posed output feedback controller (blue solid lines denote: exper-
imental results for / = 1.5 m, red dashed lines: target results)

T . T T . . . . . 1

e EXpeerimental result of 1), for the full state feedback controller

[N}
=}

=)

n [deg]

- == Experimental result of , for the output feedback controller

. = = e = Target Position of 7,
2 F B [+ O T = L) LL+] 20

7
T T T T T T T T T ]
/4 Experimental result of 1, for the full state feedback controller
- == Experimental result of 7, for the output feedback controller

Taraet Pasitian of
Experimental result of Ty for the full state feedback controller

o

0

N
=}

=)

72 [deg]

L
0 2
40 . == == Experimental result of Ty for the output feedback controller

&0 = = == w Target Position of
& 35l . J '
=, fJ\v— = -’
o 30
=

= Experimental result of 7), for the full state feedback controller

== == Experimental result of A for the output feedback controller

= = = Target Position of 7,

oo |

e Experimental result of 7, for the full state feedback controller
== == Experimental result of g for the output feedback controller

= == = Target Position of g

e
g e e
&

2 4 6 8 10 12 14 16 18 20
Time [sec]

Fig. 9 Experiment group 3 (Wave interference test): Results
of proposed controllers (blue solid lines denote: experimental
results of full-state feedback controller, green dotted lines: exper-
imental results of output feedback controller, red dashed lines:
target results)
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5 Conclusion

In order to solve the problem of large payload lift-
ing in marine environment, the model of dual ship-
mounted crane systems are derived. According to dif-
ferent actual requirements, a full-state feedback con-
troller and an output feedback controller which can
ensure the asymptotic stability of the desired equi-
librium point are proposed. And the proposed con-
trol methods realize the precise positioning of the
boom and the suppression of the payload swing. A
nonlinearized operation bounded output feedback con-
troller based on the original nonlinear dynamics design
is proposed in this paper to achieve effective con-
trol of the dual ship-mounted crane systems. Utiliz-
ing Lyapunov-based mathematical analysis, it is con-
cluded that the equilibrium point of the closed-loop sys-
tem is asymptotically stable. Finally, the effectiveness
of the proposed methods are both verified by numer-
ous compared experimental results. In order to further
improve the control performance, the problems of rope
length variation will be further considered in the future
researches. In addition, the control gain of the pro-
posed control method needs to be adjusted manually.
Hereto, we will consider to introduce more intelligent
control methods such as neural network and reinforce-
ment learning into the controller design.
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Appendix A Terms of M, V, G and U

The detailed terms of transformed matrices M, V and
G are provided as follows:

My Mix M3 M4 Mis
My My My My Mos
M = | M3y M3y M33 M34 M3s
Myr My Maz May Mys
Msy Msy Ms3 Msyq Mss

where
s 1 2
My =My = -mL”+ -m;L",
4 3
15
M33 = Mgy = —ml”,
4
1

My = My = ZmLsz.Hn,

Mz = M3 = _%leSm—IB’
Mg = My = —%leSmfm’
M5 = M5 = —%bLmCm—nS,

1
My = M3 = ZleSﬂz'HB’

1
Myy = My = ZleSanrm,

1
Mys = M5y, = _EbLmC'IZ‘HIS’
1 2
M3y = M43 = Zl mCops_p,,

1
M35 = Ms3 = —EbmlSnr%,

1
Mys = Msy = —EbmlS,M_,,s, Mss = mb>.

The form of matrix V is depicted as:

0 Viz Vi3 Vi Vis
Vor 0 Va3 Vg Vs
V=|Vs Vs 0 V3 V35
Va1 Var Vaz 0 Vis
Vs1 Vs V53 Vsg 0

where,

1 ) 1 )
Vip = —ZmLZSernznz, Viz = ZleSmfnﬂn,

1 . 1 .
Vig = ZleCm_mm, Vis = —EbLmSm—ns”S’

Vo1 = —%mL2Sm+nzfll, Va3 = }tll‘mcnzﬂnf”’
Voy = 3—‘lean+774’74’ Vas = %bLmSans AR
Vi1 = —%leCm_mm, V3 = %leCn2+n37'72’
Vig = ‘1—1[2m5n37,]47'74, Vis = %bmlcnrns s,
Vi = —%leCm_min, Vap = %leCnHm"?%
Vi3 = —%lzmSm_mm, Vas = %bmlcm—ns s
Vs = %bLmSm_nsfn, Vs = %bLmSnz+nsfl2’

1 . 1 :
Vs3 = —EbmlC,B_,y5 n3, Va4 = —Ebmlcm—ns 4.

The transformed matrix of G is:

2m +mpgLC,,
Lom+mgLC,,
G = %mng,73
%mng,74
—mgbC,

The control input U = [ f1, f2,0,0, O]T .
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