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Abstract Gantry cranes have attracted extensive
attention that are mostly simplified as nonlinear sin-
gle pendulum systems without load hoisting/lowering.
However, due to the existence of the hook in prac-
tice, gantry cranes produce double pendulum effect.
With an extra underactuated degree of freedom, the
anti-swing control of double pendulum gantry cranes
becomes more difficult than that of single pendu-
lum gantry cranes. Moreover, double pendulum gantry
cranes with load hoisting/lowering may cause large
swings, which lead to inaccurate positioning and low
transportation efficiency. In this paper, a novel nonlin-
ear coupled tracking anti-swing controller is proposed
to solve these problems. The proposed controller can
ensure the stable startup and operation of the trolley
by introducing a smooth expected trajectory. In addi-
tion, a composite signal is constructed to suppress and
eliminate the swing angles of the gantry crane system.
The system stability is analyzed by utilizing Lyapunov
techniques and Barbalat’s lemma. Theoretical deriva-
tion, simulation and experimental results indicate that
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the proposed controller suppresses and eliminates the
hook/load swing angle effectively. Furthermore, it can
achieve superior control effects and strong robustness
against the changes of the load mass, trolley target dis-
placement, initial rope lengths, initial system swing
angles and external disturbances.

Keywords Underactuated cranes - Double pendulum -
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1 Introduction

Due to their advantages of flexibility, efficient trans-
portation and low cost, underactuated gantry cranes
are widely utilized in construction, logistics and other
industries [1,2]. As a representative nonlinear under-
actuated system, the number of independent input con-
trol variables of the gantry crane is less than that of
degrees of freedom in the system [3]. The goals of
gantry cranes are not only to move the load to the tar-
get position accurately, but also to suppress and elim-
inate the system swings effectively [4]. In practice, it
is prone to produce large swing angles of the system
when the trolley moves rapidly or encounters external
disturbances (wind load, impact, etc.), which affect the
load accurate positioning, and even cause serious safety
accidents. In some special conditions, such as the auto-
matic driving of gantry cranes, the linkage control of
the load hoisting/lowering motion and trolley horizon-
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tal motion improves the transport efficiency of gantry
cranes. Compared with single control, the linkage con-
trol greatly improves the efficiency of gantry cranes,
and deserves to be studied in depth. Gantry cranes may
produce double pendulum effect when the hook mass
or the rope length between the load and hook cannot be
ignored [S]. Under this condition, the anti-swing con-
trollers of single pendulum cranes are difficult to be
applied to double pendulum cranes. If gantry cranes are
operated manually, not only is the efficiency low, but
also the trolley positioning is not accurate, and it will be
prone to cause large hook/load swing angle, and poor
safety. Therefore, the research of the anti-swing con-
troller of the double pendulum underactuated gantry
crane (DPUGC) has important practical significance
and development prospects.

The DPUGC, however, has an extra underactuated
degree of freedom, which leads to the challenge to
establish the dynamic model and design the corre-
sponding anti-swing controller. Moreover, although the
linkage control makes the design of the anti-swing con-
troller difficult, it is more in line with actual conditions
and deserves to be studied in depth. The simplified sin-
gle pendulum crane model has been utilized for the
purpose of anti-swing control such as the trajectory
planning controller [6] and nonlinear feedback con-
troller [7-11]. The DPUGC-based research is still in
its infancy [5]. At present, the input shaping controller
is the most widely utilized strategy for the DPUGC
[12]. However, many parts are linearized in the dynamic
model and controller, which may lead to some errors
inevitably. Tuan et al. proposed a sliding mode con-
troller [13], which can improve the trolley positioning
accuracy and suppress the system swings effectively.
However, some nonlinear variables were ignored when
they analyzed system stability. A super-twisting-based
anti-swing controller that ensures the trolley position-
ing and suppresses system swings by utilizing a linear
model was proposed in Ref. [14]. Qian et al. provided an
input shaping anti-swing controller to avoid complex
analysis of the crane dynamic model [15]. The time-
optimal controller and energy-optimal controller were
proposed in Refs. [16] and [17], respectively. However,
the controllers proposed in Refs. [16, 17] require alarge
amount of offline calculation and without considering
the linkage control of the load hoisting/lowering motion
and trolley horizontal motion. Zhang et al. proposed an
online trolley motion planning controller [18], which
can suppress and eliminate the system swing angles
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effectively while ensuring the trolley precise position-
ing. However, partial approximations were applied to
the process of dynamic analysis, and the load hoist-
ing/lowering motion was not considered. A saturation
controller was proposed in Ref. [19], but it should be
pointed out that the load hoisting/lowering motion was
not considered. An adaptive controller was proposed in
Ref. [5], which was one of the few researches that con-
sidered double pendulum and load hoisting/lowering
motion simultaneously. Unfortunately, the load and
hook still had small repeated oscillations after the trol-
ley stopped moving, which may affect safety seriously.

In previous researches, Zhang et al. proposed a par-
tially saturated adaptive learning controller for over-
head cranes with load hoisting/lowering [20], which
suppressed and eliminated the load swing angle effec-
tively. However, the driving force of the trolley changed
suddenly when the trolley started. Sun et al. proposed a
nonlinear tracking controller for underactuated cranes
with load transferring and lowering [21], which can
ensure the smooth startup of the trolley. However, the
load oscillated repeatedly after the trolley stopped.
Moreover, double pendulum was not considered in
Refs. [20,21] which cannot be ignored in practice.

With the continuous exploration of relevant scholars,
various anti-swing controllers have been developed.
However, there are still some core issues to be resolved,
mainly including the following points.

1. Most existing methods were developed based on
open-loop control; however, some of them, such
as input shaping method [22-24], may be less
robust to external disturbances or changes in system
parameters due to insufficient feedback.

2. Partial linearizations or approximations existed in
dynamic analysis and controller design in many
studies, which may have insufficient accuracy.

3. For the DPUGC, most existing literature did not
consider the load hoisting/lowering motion. How-
ever, linkage control is more challenging than sin-
gle control and has to be considered in practice.

4. In addition, many researchers did not consider the
impact of the swing angles, especially the coupling
of the trolley displacement information, rope length
information and swing angles information are nec-
essary when considering the load hoisting/lowering
motion.

Inspired by previous researches on the underactu-
ated crane system [1,3], a novel nonlinear coupled
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tracking anti-swing controller for the DPUGC with
load hoisting/lowering motion is proposed. The pro-
posed controller is suitable for both double pendu-
lum and load hoisting/lowering motion, which are
inevitable in practical engineering and are rarely stud-
ied simultaneously; in order to ensure that the pro-
posed controller can control the gantry crane accu-
rately, linearizations or approximations do not exist
in the dynamic model establishment, controller design
and stability analysis; in order to ensure the smooth
startup and stable operation of the trolley, as well
as to avoid the sudden changes of the driving force,
a smooth expected trajectory is referenced into the
proposed controller; in order to suppress and elimi-
nate the system swing angles effectively, as well as
to ensure that the system swing angles rapidly attenu-
ate to the equilibrium state after the trolley stops run-
ning, a coupling signal, which includes the informa-
tion of the load/hook swing angle, trolley displace-
ment and rope lengths, is introduced into the proposed
controller. Then, the system stability is strictly ana-
lyzed by utilizing Lyapunov techniques and Barbalat’s
lemma. Finally, the actual effectiveness of the proposed
controller is demonstrated by comparing simulations,
experiments and robustness verification simulations;
especially superior control results and strong robust-
ness can still be obtained when changing the trolley
target displacement, load mass, initial rope lengths, ini-
tial hook/load swing angle, and adding external distur-
bances. The main contributions of this paper lie as.

1. Not only does the proposed controller consider
the double pendulum, but also considers the link-
age control of the trolley motion and load hoist-
ing/lowering motion simultaneously. In the pro-
cess of the dynamic model establishment, con-
troller design and stability analysis, linearizations
and approximations are not applied, which can
make the proposed controller control gantry cranes
accurately.

2. A composite signal, which contains the informa-
tion about actuated variables and underactuated
variables, is constructed to suppress and elimi-
nate the system swings. The transient performance
is thereby improved. An expected trajectory is
included to ensure the smooth startup and opera-
tion of the trolley.

3. The proposed controller admits strong robustness
with respect to changes in system parameters and

external disturbances, and the experiments demon-
strate the excellent control performance of the pro-
posed controller.

The remaining parts of this paper are stated as. The
nonlinear dynamic model of the DPUGC with load
hoisting/lowering is established in Sect. 2. The anti-
swing controller design and stability analysis are per-
formed in Sect. 3. The feasibility of the proposed con-
troller is verified by a large number of simulations and
experiments in Sect. 4. The conclusion is described in
Sect. 5.

2 Nonlinear dynamic model of the DPUGC with
load hoisting/lowering

The DPUGC linkage system is described in Fig. 1. M
refers to the trolley mass, m refers to the hook mass,
my refers to the load mass, x (¢) refers to the trolley
displacement, /1 (¢) refers to the rope length, /> denotes
the distance from the hook to the load, 8; (¢) denotes the
hook swing angle, 6, (¢) refers to the load swing angle.
The horizontal driving force F) (¢) drives the trolley to
slide on the track, and the driving force Fj (¢) changes
the rope length /1 (¢) to lift the load, which can ensure
that the load reaches the target position quickly.

Remark 1 Double pendulum and load hoisting/
lowering motion need to be considered when estab-
lishing the crane dynamics model and designing the
anti-swing controller. However, only a few researchers,
such as Lu et al. [5], have considered these two cases
simultaneously. In practice, for improving the trans-
portation efficiency, the trolley motion and load hoist-
ing/lowering motion are usually combined; when the

Fig. 1 DPUGC linkage system
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hook mass and rope length cannot be ignored, the
double pendulum effect will occur. From the practical
application, the anti-swing controller of the DPUGC is
more worthy of research than that of the single pendu-
lum crane.

The Euler-Lagrange equation is adopted to build
the nonlinear dynamic model of the DPUGC linkage
system [1,5]:

[(11 — llélz) sin 01 + (llél + 2é1i1) cos 91]
-(my +ma) +maln (52 cosbth — é22 sin 92)
+ (M +my+mp)X =F, — Fry —dyX, (1)
(my +my) (sin@p’c’ + 2.1 — llélz — gCOS@l)
+maly [sin (61 — 602) @, — cos (6 — 62) 63 ]
= F —dl, ()
(my 4+ my) (l] cos 01X + l|2§] + 21|é|i| + gl sin@l)
+malyil; [cos (81 — 62) B + sin (6) — 6,) 63 ]
= —dy, 01, 3
cos0r% + sin (81 — 62) (I} — 1167) + >
maly .. L '
+cos (01 — 67) (1191 + 29111) + gsin6;
= —dy, 0, 4)

where d, € R is the coefficient of air resistance on
the trolley, d; € R is the coefficient of mechanical
friction on the rope, g is the acceleration of gravity, dp,
and dyp, € R are the coefficients of air resistance. F.,
is the friction force between the trolley and track, and
its definition equation is [25-28]:

Fre = froxtanh(i /60) + ko 5] %, (5)

where frox, & € R are coefficients related to static
friction, and k., € R is coefficient related to viscous
friction.

Furthermore, the following expressions are utilized
to facilitate the description: s; = sin6;, ¢; = cos6;,
Sitj = sin (09,' :I:Qj), Citj = COS (9,’ :|:9j) . i,j =
L2G #)).

Remark 2 In the nonlinear dynamic model (1)-(4) of
the DPUGC, external factors, such as the air resistance
and mechanical friction, have been covered, and the
model has not been linearized or approximated, which
makes the model more accurate.

In order to facilitate controller development and sta-
bility analysis, the nonlinear dynamic model is rewrit-
ten:

M(@qg+VQq.9q+G6(@ =U+Fq, (6)
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where M (g) and V (g, §) € R*** are the system iner-
tia matrix and system centripetal-Coriolis force matrix,
respectively; G (q), U, F; and q (t) € R* represent
the system gravitational potential energy vector, sys-
tem drive vector, system disturbance vector and system

state vector, respectively.
The specific expressions of the above matrices and
vectors are as follows:

ayy app a3 ay4 0 b2 b1z bis
app a 0 a 0 0 b3 b
Mo | @2 a2 2|y 23 by
a;3 0 asz axn 0 by b33 by
a4 az4 azs ag4 0 by bgz O

G=1[0 —(m +m)ger (my+mo)glisy maghs],
Fy=[-Fy—dt —dli —dpb —dezéz]T,
U=[F, F, 00" gq)=[x(®) L) 6i(t) 601",

where aj; = M + my + myp, a;p = (my +my) sy,
a3 = (my +mo)licy, ala = malycy, axy = my +
ma, ax = mobsi—a, a3 = (mi+m2)li%, azs =
malilhc1—2, as =_m2122, bz = (m1+my)bicy,
bi3 = (mi+ma)licy — (my+m2)l15101, by =
—maly$r02, bz = — (my +m2) 1161, bay = —mal
c1-202, b3y = (my + m2) 1161, b3z = (m1 +ma) L1y,
bss = malilasi 20y, by = malac1 201, by =
malalici—2 — malih0151 2.

The DPUGC linkage system has the following prop-
erties.

Property 1 Matrix M (q) is always a positive definite
symmetric matrix.

Property 2 The relationship between matrix M (q) and
matrix V (q, ¢) is:

yr [1M @ -V q)]y=0 Vy e R? 7
: , , .

According to the actual engineering situation of the
gantry crane linkage system, the assumptions are pre-
sented as follows.

Assumption 1 Ignore the mass and flexibility of the
rope.

Assumption 2 In the actual working process, the
load is below the trolley, and the hook/load swing
angle should meet the following conditions: [29,30]:
—n/2 <01, 6 < n/2.

Assumption 3 Both the initial length /; (0) and tar-
get length pg of the rope are not longer than the
maximum allowable length L of the crane: 0 <
It (0,1, par < L.
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Assumption 4 The driving forces of the motors are
limited. On the basis of Newton’s second law, the
accelerations of the trolley and rope are also bounded:
0 <|Fl<FO0=<I|il<a0<I|Al < £,
0=<|i|<a.

The control objectives of the DPUGC linkage sys-
tem are as follows [29,30]:

1. The trolley is driven from the initial position x (0) to
the target position pgy, and the hook is driven from
the initial length /1 (0) to the target length pg;.

2. In the working process, the swing angles 6 (¢),
6, () should be suppressed and eliminated.

Jim [x (@) L) 61() 62 0]
= [pax par 0 O]T. (®)

3 Main results

In this section, a nonlinear coupled tracking controller
is proposed to improve the control performance. Then,
Lyapunov techniques and Barbalat’s lemma are utilized
to perform stability analysis. The DPUGC control sys-
tem is described in Fig. 2.

3.1 Controller design
After the physical analysis of the DPUGC linkage sys-
tem, its energy can be deduced:

E(t) = 2™ (@)q + magh(1 — ¢)

Yy +ma)gh (1—c1). ©)

In view of the relationship between the matrix M (q)
and matrix V (g, ) in Eq. (7), it can be inferred that:

1.
q" [M(q)il' + EM(q)l)] =¢"[U+Fi—G(@], (10)

e, (1)

Composite Signal

Construction (14)

X ([) Atucated E Controller
Dynamics (1)-(2) Design(15)
() L F

Underatucated
Dynamics (3)-(4)

Error Signal
Construction (13)
Pa

0]

Fig. 2 DPUGC control system

By calculating the first derivative of the energy equa-
tion shown in Eq. (9), and substituting Eq. (10) in the
equation, the result can be obtained:

. 1. .
E@t)=4" (M(q)il' + EM(lI)iI) +magli6rsy

+(my +m2) g (It — lier + 116ys1)
=0 [F—di+ (mi +m)g|
% (Fy — Frx — dy %) — dy, 67 — dg,67, (11)

The linkage system has four underactuated vari-
ables, but only two control variables. Therefore, the
suppression and elimination of swing angles need to
be realized by the motion of the trolley and rope.
However, it is difficult to add the factors relating to
the hook/load swing into the controller directly while
ensuring the system stability. Moreover, the trolley can-
not respond to the swing angles timely and effectively
when the controller contains the insufficient feedback
signal of swing angles, which will make it difficult
to obtain excellent transient control performance and
strong robustness.

To solve this problem, a generalized horizontal dis-
placement signal, which includes the trolley displace-
ment and swing angles, is constructed:

t t
X=Xx— klh/ 61dr — kzlz/ 6->dt, (12)
0 0

+ _ m oy .
where k| € R™, kz_. e k1 represent po'smve gains.
Furthermore, for facilitating controller design, an error

signal vector is defined as:

T
[ex en eo, €s,] =[x —x 11— pa 61 621", (13)

where x, represents an expected trajectory to ensure
the smooth operation of the trolley. The determination
of the expected trajectory should meet the following
principle [21].

Principle 1 The expected trajectory x; is bounded, and
the trolley is guaranteed to converge from the initial
displacement x, (0) to the target displacement p,, over
time; the first derivative x,, second derivative X, and
third derivative x,® of the expected trajectory x, are
bounded, and converge to 0 over time asymptotically.
They can be described as: |x, ()| < pax, 0 < X, (1) <

Vx max» |Xr ()| < @x max, xr(3) (t)| < Jxmax-

where vy max, dx max> and jy max are the upper limit val-
ues of the velocity, acceleration and plus acceleration,
respectively.
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Based on Egs. (12) and (13), a generalized horizontal
trajectory tracking error signal is defined as:

e = X — % = x — xe, (14)

where x, is a simple expression for x, + k1/; fé 61dr +
kaly [y 62dt.

Then, for the DPUGC linkage system, a closed-loop
feedback controller can be designed as follows:

{Fx = Fx +ded —kpeey — kaxéy + (M +my +m2) e
Fr =dily — kprer, — kgér;, — (my +ma) (g — Xcs1) .
(15)

where kpy, kax, kpi, kai € R represent positive con-
trol gains to be adjusted.

Remark 3 The design of the controller F, mainly
depends on the applied smooth trajectory x, and con-
structed coupling signal x. The smooth tracking trajec-
tory x, can ensure the smooth start and stable operation
of the trolley, but the swing angles (i.e., 01, 0») are large
and in a state of repeated swings, which are difficult to
be suppressed and eliminated. However, the designed
coupling signal x can solve this problem; meanwhile, it
can also realize precise positioning and eliminate swing
rapidly while ensuring stable operation. Among them,
the first derivative of the applied trajectory should sat-
isfy x, (t) > 0, which is to avoid the back-and-forth
motion of the trolley, and reduce the wear of compo-
nents and improve the efficiency.

Remark 4 The proposed controller (15) requires accu-
rate model knowledge, which includes the trolley mass,
hook mass, load mass and friction coefficients, to real-
ize the precise control of gantry cranes. In practical
engineering, the masses of the trolley and hook are
known as equipment parameters of the gantry crane.
Besides, in the automatic control of the port crane, the
load mass is also a known constant. In addition, from
the subsequent robustness verification, it can be seen
that the proposed controller (15) has strong robustness;
in other words, the changes of system parameters, such
as the load mass, have little effect on the performance of
the proposed controller. The friction coefficients can be
obtained by offline tests and treated as known constants
[31]. In addition, in order to solve these problems, an
adaptive law of the load mass was designed by Lu et al.
[5] to solve the problem that the load mass is difficult
to determine; an adaptive law of the friction coefficient
was developed by Zhang et al. [32] to solve the problem
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of the difficulty in determining the friction coefficient.
Interested readers can refer to Lu et al. [S] and Zhang
et al. [32] for more details.

3.2 Stability analysis

Theorem 1 The nonlinear coupled tracking controller
ensures that the trolley can move to the target position
Pdx accurately and the rope can reach the target length
Pdi quickly, while suppressing and eliminating the sys-
tem swing angles effectively, which can be stated as:

lim
—00

[x) @) L) i1 @) 61(1) 61 (1) 62(1) 62 0)]"
=[pax 0 par 00 00 0]".

Proof The tracking error signal vector e (¢) is con-
structed as follows:

e()=q—qy=[ey e 61 6], (16)

whereg; =[x, 0 0O 017.
Inspired by Eq. (9), an energy-like equation Eg (1)
is designed as:

Eq (1) = 5¢"™M(q)é + magly (1 — cos 62)

4 (m1 4+ m2) gl (1 — cosy). a7

In order to demonstrated the stability of the DPUGC
system, and in view of Eq. (17), a positive scalar func-
tion V (¢) is defined as the Lyapunov candidate func-
tion:

1 1
V()= E;(t) + 5k,,xexz + Ekp,elf. (18)

Equations (6), (16), and (17) are substituted in
the first derivative of Eq. (18), and the result can be
obtained:

V(1) = &T [M(@)é + sM(@)é] + kpreyéy
tkpier ey + (my + m2) gli01s)
+maghthsy + (my +m3) gl (1 —cp)

T [U+Fd —M (@) iy }
-G -V@q.9q, )
+hpreyey +kprep éy +maghthss

. |:Fx — Fry —dx +kpxex}

T = WM+ my +mo) Ke

. F —dl + kpl€11
e [~I—(m1 +m2) (g — 55&1)}
—6 [)‘5611 (m1 +m2)cy +dglé1]
—92 [)'C'szlQCQ + dgzéz] .

19)
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Equation (7) is applied in the derivation of Eq. (19),
and its derivation principle is similar to Eq. (10).

Then, the proposed controller (15) is substituted in
Eq. (19), and it can be deduced that:

V (t) = — karéy — kaié], — do, 67 — dg, 03

A 2
—malyfacs <k111 f().@ldt +2_/€11191 )

+k11101 4 kol — X (20)

— (my + my) Ly6yc; (km Jo.01dt + 2k 116y )

k11161 4 kalaby — %,

In view of the relationship between k| and k7, and
combined with —71/2 < 0 < 71/2 (see Assump-
tion 3), Eq. (20) is simplified and scaled. When k1 > 0,
it can be seen that:

V (t) = — ka:é}, — kaié], — do, 0 — dy, 03
20 mzzlzz )
91 €1 +,(V.ﬂ| +m2)%l)? 92 c2

malr016»
o tmoi; €1+ €2)

S(my +mo) kil — <I_(i_lélklf?121dt)
[y +m2) Libre1 + malbres]
— (my +m2) 161X,c1 — malabhXrco

< —kdxé)z( — kd1é12] — dglélz — d929'22
+3lmalis (o1 = @)’ (67 +63)
—n [(m1 +m2) Li61c1 + malybrer]
+ (my +m2) 11 |01] 5| + mala 6] |5,

ey

where 7 stands for k;/; fot 01dr + 2k11,6;.

Arithmetic geometric mean inequality is applied in
the derivation of Eq. (21). The specific derivation pro-
cess is given as follows:

32 my2?
9101 + — )211292C2

+(m2129192 (c1 +¢2)

mi+ma)ly
1016
= ’z;f:+,;:z:>,i:¢— iy 1 e
myly 101|602 maly 601|602
== (m||+|n|12)l| veier + (m1+mz)11 (c1 +c2)
mal |01 (|62
== ](m|+mlz)l| (V VA3 )
1 __ malp /— = )2 2
= T2 mi+m)l| ( ) (9] + 92) .

According to 0 < |11 | < a; (see Assumption 2) and
—rr/2 < 0 < 71/2 (see Assumption 4), it can be
known that within finite time 74 (the time required for
the rope to reach the target position), there are:

T _ 3 _
Inl < Eklaltd +rmkiaity = Eﬂklaltd=|77|max~

According to the properties of the arithmetic geo-
metric mean inequality, Eq. (21) is scaled as:

V (t) < —kdxé)z( — kdlélzl — dglélz — d@zézz
2,2 .
(m1+;12) 11 -~2 + ld91912

TRCAS 1d9292

_;17 [(m12+ my) 11‘2161 + mzlzezcz] (22)
+§d919 + d929 ‘

< kdxé kdlell dgl 912 —
2,2

_|_(Yn1+m2) 12 xr 4 m2 [~ +2

1 12
790,05

2dy 1 2dp> Xr

—n [(m1 + m2) Li6ic1 + mababrcr],

where the control gain k; should satisfy the condition:

2
Tkimali (/o1 — /€2)” < 3do,, 1do,.
0 </ <Land —71/2 <0 < 71/2 (see Assump-
tion 4) are substituted in the first-order integral of
Eq. (22); it can be inferred:

V(1) <V (0) — kgy [y é2dt —kd,fo’éfldz
—d rg2ge - "(’2 Jo 6341

+ 12 21,2 . (23)
+ [(WH 2?5) + m22d9§ ]fo XPd

—n [omy +ma) L fy énde + maly [ 63ar].

In the light of the description of the expected trajec-
tory x, in Principle 1, it can be deduced [21]:

Xpy Xpy Xr, xr(3) € L. 24

According to Principle 1, utilizing the method of
integration by parts, it can be obtained [21]:

Jo ¥Fdr < [§7 i7de
< E 30— fo Eex Odr

< 2Ux max@x max + 2Jx max Pedx

= X, € Lo N L.

(25)

Combining Eqgs. (23)-(25), and in view of Assump-
tion 2, the result can be obtained:

V(O VO [ttt et

dp, dp
- (Vx max@x max + Jx max Pdx) (26)
+ 37Nl nax [(m1 + m2) L+ maly] < +00.

Based on Egs. (18), (23), (25), (26) and combined
with Principle 1, it can be deduced [33]:

V() €L = @X,éx,ell,éll,él,éz € Lo

. 27
= x,0,x,11, Fy, Fj, Frx € Leo. @7
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Equation (26) is substituted in Eq. (23), and the shift-
ing process is performed to obtain:

% fot élzdt + dez f() 2dt + kax fO )2(dt +kd1f ell

VO -V (t) + (Vx max@x max + Jx max Pdx)
(m1+mp)°L? my?h? (28)
dy, do2

+5 ﬂlnlmdx [(m1 +m2) L +malh] K 400
=>eX,e11,91 92€L20L

By combining the conclusions of Egs. (25)—(27) and
substituting them in Eqgs. (1)—(4), the conclusions can
be deduced as:

j(,:,z.l, él’ éz’é)(’.é[] € LOO (29)

By combining the conclusions of Egs. (28) and (29),
and utilizing the extended Barbalat’s lemma [33], it can
be inferred that:

lim [é, (1) &, (1) 61 (1) 6] =10 0 0 0730)
11— 00

According to ¢, (t) = il (t) and Eq. (30), it can be
inferred that:

lim [, (t) = 0. (31)
11— 00

In combination with tlim X (t) = 0, Egs. (28)
— 00
and (29), the proposed controller (15) is substituted in

Egs. (1)—(4). When t — o0, the simple equation holds
as follows:

M +my+mp)é, + [sin91z'1 + 1,6, 00801]
~(my +ma) + mzlzéz costy = —kpyey

(my +my) [sin61&, + Iy — gcosf + g]
+myl; sin (01 — 67) 52 = —kpey

(m1 + my) [cos 018y + 1,6, + gsin6,|
+myly cos (01 —6r)6, =0

cos Ozex + sin (61 — 6) 11 + 1y cos (61 — 0)
91 +1292 + gsinf, = 0.

(32)

g =F=8,g0) =080 =08 =0
are defined and substituted in Eq. (32). Then, the first
derivative of the above equations is obtained, and the
conclusion of Eq. (27) is substituted in this equation.
When ¢t — 00,it can be inferred that:
lim g1 (z), lim g (¢), lim g3 (¢), lim g4 (t) € Leo.-
1—>00 t—00 t—00 —00
The following basic knowledge of trigonometric
functions is utilized to derive the equation:
sin 6;, cos 0;, sin (9,- — Gj), cos (Qi — GJ') € Loo.
Combined with the conclusions of Egs. (30) and
(31), and utilizing the extended Barbalat’s lemma, it
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can be inferred that:
l1m ex (t) = hm X =0
hm 0, (t) = hm 6, (1) =0 (33)
im0 =0

By substituting the conclusion of Eq. (33) in
Eq. (32), the following result can be obtained:

lim [e, (1) e, (1) 61 (1) 2] =10 0 0 0734
—00

By combining é, = i — kily [y 61dt — kil10; —
kyl>0> — x, and hm X, (1) = 0, with the conclusions
of Egs. (30) and (34) it can be deduced that:

— lim % = 0. (35)

lim ¢,
—00

11— 00
By combining the conclusion in Eq. (34), with Prin-
ciple 1, Egs. (13) and (14), it can be deduced that:

Jim [y (@) b O = [par pal”. (36)

Through the conclusions of Eqs. (30), (31) and (33)-
(36), it can be concluded as:

lim
—00

[x@) £ L@ @) 6 () 610) 62(1) 6 (0]
=[pax 0 par 0000 0]".

According to the above equations, the state quanti-
ties of the DPUGC linkage system asymptotically con-
verge to the equilibrium state described in Theorem 1.

Therefore, Theorem 1 is proved. O

4 Simulation analysis and hardware experiment

In this section, the lowering process of the load is con-
sidered. The performance of the proposed controller
is tested through a great quantity of simulations and
experiments. The linkage system parameters are shown
in Table 1. Firstly, the proposed controller is compared
with the adaptive controller [5] and saturation con-
troller [19] to demonstrate the excellent performance
of the proposed controller. Then, the robustness of
the proposed controller is tested by changing system
parameters and adding external disturbances. Finally,
the actual crane system parameters are adopted to sim-
ulate the anti-swing effect of the proposed controller.
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Table 1 DPUGC linkage

system parameters Name Symbol Numerical value Unit
Trolley mass M 10 kg
Hook mass mi 2 kg
Load mass my 1 kg
Gravity acceleration g 9.8 m/s?
Trolley target displacement Ddx 2 m
Rope target length Pdi 1 m
Static friction-related coefficient 1 frox 4.4 NA
Static friction-related coefficient 2 &y 0.01 NA
Viscous friction-related parameter krx —0.5 NA
Trolley direction air resistance coefficient dy 0.3 NA
Rope direction Mechanical friction coefficient d 6.5 NA
Air resistance coefficient of hook dp, 0.06 NA
Air resistance coefficient of load dop, 0.06 NA

Remark 5 Since a small number of controllers, such
as the adaptive controller [5], consider the double pen-
dulum effect and load hoisting/lowering motion simul-
taneously, it is difficult to find such controllers as the
comparison object of the proposed controller. There-
fore, the saturation controller [19], which has excellent
control performance for double pendulum cranes, is uti-
lized for comparative simulation analysis. However, the
saturation controller does not consider the load hoist-
ing/lowering motion. In order to facilitate comparison
and analysis, this paper adds a PD controller, which has
excellent performance for the load hoisting/lowering
motion and is widely utilized at present, to the sat-
uration controller to drive the load hoisting/lowering
motion by referring to the practice of Lu et al. in Ref.
[5]. The PD controller is:

F = d[il — 70e;, — 110¢;, — (m1 +m2) g.

The initial position x (0), initial hook swing angle
01 (0) and initial load swing angle 6, (0) are set as 0, the
rope length /5 is set as 0.2 m, and the initial rope length
I1 (0) is set as 0.2 m. The S-shaped expected trajectory
is selected as:

X (1) = %"" + ili In
cosh (2kat/kv — 8)
(cosh (2kat [ky — & — 2parka /kvz)) ’
where k, = 0.9, k, = 0.5, ¢ = 3 refer to corre-

sponding trajectory coefficients. k, represents the max-

imum allowable speed of the trolley, k, is the maximum
allowable acceleration of the trolley, and ¢ can adjust
the initial acceleration of the trolley. These parameters
are all operating limit values set for the trolley.

To make sure the proposed controller can achieve
superior control effects in simulations and experiments,
the following procedure is utilized to select a set of con-
trol gains with excellent performance for the proposed
controller.

1. To ensure the system stability, the control gain k;

must ensure the validity of Egs. (12), (21) and (22).
That is, k; must meet the condition:

1 1 1
0< Ekmnlllz(\/c_l— JE) =< Edgl’ Edez,

In practice, to avoid missing the appropriate value,
the value of k; satisfies the condition:

0 < Skimaly (0) I(v/cos (0°) — y/cos (30))2
S d91 ’ d02'

2. Confirmation of the control gain k, shall satisfy
condition: k» = (m;i—zmz)kl .

3. To ensure the positive definiteness of the Lyapunov
function in Eq. (18) and the system stability, that is,
Eqgs. (18) and (23)—(26) need to be satisfied. There-
fore, the position gains k., k,; and velocity gains
kax, kg should be positive values.
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4.1 Comparative simulation analysis

For the sake of fairness, the gains of the proposed
controller and two comparative controllers are fully
debugged respectively, until a set of gains with the
best performance are obtained. Specifically, the gains
of the adaptive controller [5] are carefully adjusted
as kg1 = 2.8, kg1 = 9.2, koo = 70, kg = 120,
k = 0.015, A = 0.01, L = 2. The gains of the sat-
uration controller [19] are fully debugged as k, = 4,
kg = 14.8, « = —1. And the gains of the proposed
controller are selected as ky = 5, kpx = 4, kgx = 50,
kpr =12, kg = 18.

Remark 6 Because the load swings with the swing of
the hook, and the load is connected with the hook by the
rope, the maximum load swing angle 6> max 1S gener-
ally larger than the maximum hook swing angle 61 pax.
Moreover, from the stability analysis and Eqs. (32)—
(34), it can be seen that no matter how the hook swing
angle ¢ and load swing angle 6, change, the DPUGC
linkage system remains stable.

Then, the proposed controller, adaptive controller
[5] and saturation controller [19] are simulated. The
simulation results are shown in Fig. 3, and the per-
formance index results are shown in Table 2. Among
them, the quantitative performance indexes exist to bet-
ter compare the control performance of each controller
quantitatively. Their indexes are described as:

1. Oimax, i = 1, 21is the maximum hook/load swing
angle during the crane operation.

2. Oires, I = 1, 2 is the maximum hook/load swing
angle after the crane stops running.

3. ty is the time taken for the trolley to transport the
load.

From the comparison results in Fig. 3 and the per-
formance indexes in Table 2, it can be seen that the
final positioning errors of these three controllers do not
exceed 5 mm. However, the transportation time of the
proposed controller is obviously less than that of the
other two controllers; under the control of the proposed
controller, the starting/running process of the trolley is
relatively stable, and the hook/load swing curves are
relatively smooth. Moreover, the proposed controller
can better suppress the hook/load swing range, and
there is no repeated swing phenomenon, which greatly
improves the safety of the gantry crane system during
operation. Although the hook/load swing is quickly
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Fig. 3 Comparison simulation results

suppressed under the control of the other two con-
trollers, the swing hook/load angle changes drastically
and the swings are too large when the trolley starts,
which may lack safety. Specifically, the proposed con-
troller has the minimum transportation time g = 7.7 s,
maximum hook swing angle 01 max = 2.46 deg, and
maximum load swing angle 0y max = 2.53 deg; the
adaptive controller [5] has the minimum transporta-
tion time fy4 = 9.1 s, maximum hook swing angle
01 max = 3.45 deg, and maximum load swing angle
Ormax = 5.07 deg; the saturation controller [19] has
the minimum transportation time t; = 9.7 s, maximum
hook swing angle 01 max = 5.47 deg, and maximum
load swing angle 6> max = 7.42 deg. In summary, from
the simulation results and the quantitative performance
indexes, the proposed controller has an excellent effect
on the swing suppression of the hook and load, and the
transportation is fast, which significantly improves the
transportation efficiency of the load.



Research on nonlinear coupled tracking controller

Table 2 Performance index results for different controllers

Controllers Pdx (m) Pal (m) 01 max (deg) 02 max (deg) Olres (deg) Ores (deg) t5t(s)
Proposed controller 2.002 1 2.46 2.53 0.28 0.28 7.7
Adaptive controller 2 1 3.45 5.07 0.22 0.24 9.1
Saturation controller 2.001 1 5.47 7.42 0.06 0.1 9.7
Table 3 Performance index results for different controllers without load hoisting/lowering

Controllers Pdx(m) Ppai(m) 01 max (deg) 02 max (deg) O1res (deg) Oares (deg) I5t(8)
Proposed controller 2 0.2 291 3.03 0.21 0.20 6.8
Saturation controller 2 0.2 6.86 8.4 0.11 0.11 7.9

In addition, it may be unfair to add a PD controller
to the saturation controller because it does not take into
account the load hoisting/lowering motion. However,
when [1(0) = pg, the load hoisting/lowering motion
is not performed. Therefore, let /1 (0) = pgy = 0.2m,
other system parameters remain unchanged. Then, in
the case of the control gains of the proposed controller
are constant, a set of appropriate control gains are
selected for the saturation controller. The comparative
simulation results are shown in Table 3.

From the comparative simulation results in Table 3,
compared with the saturation controller, the proposed
controller still has superior control performance with-
out considering the load hoisting/lowering motion.

4.2 Robustness verification

In the actual working process of gantry cranes, it is diffi-
cult to determine the load mass, trolley target displace-
ment, initial rope lengths and initial hook/load swing
angle. Moreover, external disturbances inevitably bring
some difficulties to the control of anti-swing controller.
For verifying the robustness of the proposed controller,
simulation tests are implemented for different sys-
tem parameters and external disturbances, respectively.
Under the condition of the constant control gains, sim-
ulation tests are divided into the following four cases:

Case 1 herobustnessis tested for different load masses.

Therefore, three different load masses are set as:
Il.m=1kg. 2.m=06kg. 3.m=0.3kg.

As illustrated in Fig. 4, the proposed controller can
also make the trolley reach the target position accu-

rately under different load masses, and can suppress and
eliminate the hook/load swing effectively. Specifically,
when changing the load mass, the final positioning error
of the trolley is no more than 2 mm, the time to reach
the target position is no more than 7.7 s, and the maxi-
mum hook/load swing angle is no more than 2.53 deg.
In addition, the starting/running process of the crane is
relatively stable, and the hook/load does not produce
violent repeated swings. The change of the load mass
does not affect the performance of the system signifi-
cantly. Therefore, the proposed controller has excellent
robustness for different load masses.

Case 2 he robustness is tested for different trolley tar-
get displacements. Therefore, three different target dis-
placements are set as:

1. pax =2m. 2. pgp=1m. 3. ps =5m.

From the simulation results in Fig. 5, the proposed
controller can lift the load to different target positions
accurately. The time required for the trolley to reach
the target position is 7.7 s, 6.6 s and 11 s, respec-
tively; the final positioning error of the trolley is not
more than 2 mm; the maximum hook/load swing angle
is not more than 2.65 deg, and the hook/load swing
angle is quickly eliminated. Therefore, different tar-
get displacements have little effect on the hook/load
swing; although the arrival time varies with distance,
the degree of the change is relatively small.

Case 3 n this case, this paper tests the robustness of
the proposed controller against different initial rope
lengths /1(0), I>. It is worth pointing out that when the
initial rope length /1 (0) is greater than the target length
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Fig. 5 Simulation results of the second case

pdi> the crane is in the hoisting state; otherwise, the
crane is in the lowering state; if the initial rope length
11(0) is equal to the target length py, the crane does
not hoist/lower the load and is in the state of horizontal
lifting. Here, three different initial rope lengths are set
as:

1. ,(0)=02m, [ =02m.
2. ,(0)=1m, I, = 1 m.
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Fig. 6 Simulation results of the third case

3. 1(0)=18m, [, =1.8m.

It can be seen from the simulation results in Fig. 6
that when the initial rope lengths /1 (0), [ are changed,
the proposed controller can still ensure that the trol-
ley reaches the target position pgy, accurately, and the
final positioning errors are controlled within 2 mm; the
times fg taken for the trolley to reach the target posi-
tion pg, are similar; and the rope length /; tends to the
target length pg accurately; the maximum hook/load
swing angle does not exceed 2.72 deg, and the residual
hook/load swing angle is eliminated quickly after the
trolley reaches the target position pg.. Consequently,
the proposed controller has superior robustness to deal
with different initial rope lengths /1 (0), /.

Case 4 yaddingdifferentinitial hook swing angles and
initial load swing angles, the performance of the link-
age system is tested in this case. Because the proposed
controller has excellent performance in suppressing
and eliminating swing angles, the initial swing angles
are set as:

1. 6 =0 deg, 6 =0 deg.
. 01 =3 deg, 6, =5 deg.
3. 0 = -3 deg, 0, = —5 deg.
From the simulation results in Fig. 7, under the con-

trol of the proposed controller, the starting/running pro-
cess of the trolley is relatively stable, and the existence
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Fig. 7 Simulation results of the fourth case

of the initial hook/load swing angle has a negligible
effect on the transportation efficiency of the trolley.
Moreover, the positioning of the trolley is still accu-
rate; the initial hook/load swing angle is quickly elimi-
nated, and their swings quickly tend to the swing states
without the initial swing angles. Hence, the proposed
controller has excellent performance when dealing with
the initial hook/load swing angle.

Case 5 or testing the robustness in response to external
disturbances, a 5 deg sinusoidal disturbance signal is
added to the load swing angle in 10-12 s to simulate
the external disturbances.

From the simulation results in Fig. 8, the proposed
controller can eliminate the external disturbances and
restore the linkage system to the equilibrium state
quickly when the system is subject to external distur-
bances. Specifically, the external disturbances have lit-
tle impact on the positioning of the trolley; the posi-
tioning error does not exceed 5 mm; and the trolley can
recover to the target position quickly. When the load is
disturbed by external disturbances, the impact on the
hook is small, and the maximum swing angle is less
than 0.48 deg. The hook/load swing angle can return
to the stable state within 2 s after the external distur-
bances disappear. Therefore, the proposed controller
has superior robustness against external disturbances.

2 ---------------------
= 2.005
£ \/
= 1r 2 1
= v ia Vil
0 : . . . . . .10, L 154
0 2 4 6 8 0 12 14 16 18 20
JEoTTI == - - - - - -
~08F
Z06r
~ 04+
0.2 ) . : . ; . . . .
0 2 4 6 8 0 12 14 16 18 20
5 - - - : :
—_
&
E/ 0\/\ N NN
-
5 . . . . .
0 2 4 6 8 0 12 14 16 18 20
—
on
)
3 O\N
s
St L L 1 A 1 . A .
0 2 4 6 8 0 12 14 16 18 20
Time(sec)

Fig. 8 Simulation results of the fifth case
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Fig. 9 Crane experimental system

4.3 Experimental analysis

Although the proposed controller has excellent control
performance in simulations, its control effects have not
been verified in practice. Therefore, the crane experi-
mental system is set up as shown in Fig. 9. The actual
results of the proposed controller are obtained, and
compared with the simulation results on the premise
of keeping the control gains and crane system param-
eters unchanged. The trolley target displacement is set
as 0.6 m, and the rope target length is set as 0.8 m.
The comparison results of the experiment and simu-
lation are shown in Fig. 10. Through experimental mea-
surements, the actual transportation time of the trol-
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Fig. 10 Comparison results of the experiment and simulation

ley is similar to the simulation transportation time, but
the actual maximum hook/load swing angle is larger
than that of the simulation result. Due to the inevitable
external disturbances and hardware conditions in the
experiment, the experimental curves have slight fluctu-
ations, but the experimental curves are consistent with
the overall trend of the simulation curves. Therefore,
the proposed controller still achieves excellent control
performance in the experiment and has objective prac-
tical application.

4.4 Simulation analysis for actual working condition

Most existing controllers have been designed and
simulated for the crane experiment system, but few
researchers consider the application of actual crane
system parameters to verify the effectiveness of the
anti-swing controllers. Although some anti-swing con-
trollers can realize the anti-swing control of the exper-
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imental crane system, it is difficult to realize the effec-
tive anti-swing control of the actual crane system. To
solve this problem, a case of actual crane system param-
eters is selected to simulate and verify the anti-swing
effect of the proposed controller.

The DPUGC system parameters are selected as:

M = 432 kg, m; = 257 kg, my = 1750 kg, [; (0) =
2m,lp =1m, pgy =20m, pgg = 6 m, k, = 2.4,
ke =12, =35.

The gains are selected as: k1 = 5, kpx = 40, kg =
500, kp; = 200, kg = 1150.

The simulation results in Fig. 11 show that under the
control of the proposed controller, the final positioning
displacement pg, = 20 m, transportation time fg =
24.4 s, maximum hook swing angle 61 pax = 2.99 deg
and maximum load swing angle 6y max = 3.01 deg.
Specifically, not only does the proposed controller
ensure the accurate positioning of the trolley, but also
it ensures the fast transportation of the crane. In the
starting process, the trolley starts smoothly, and the
initial hook/load swing is very small; in the working
process, the hook/load swing curve is relatively smooth
and the swing amplitude is small; moreover, the resid-
ual swing angles are quickly eliminated when the trol-
ley stops running. From the above performance indexes
and analysis, it can be seen that compared with those
controllers which do not consider the double pendulum
or the load hoisting/lowering motion, the proposed con-
troller still has superior anti-swing control effects in the
actual crane system. This advantage lays a solid foun-
dation for the application of the proposed controller,
which is helpful to the development and implementa-
tion of the crane automatic driving in actual working
condition, and has great practical value.

Remark 7 It can be seen from the Assumption 4 that
the driving forces Fy, F; of the proposed controller
(15) are always bounded during the driving process.
In the simulations, the drive motors are assumed to be
ideal and can give corresponding bounded drive forces;
moreover, as can be seen from Table 2 and Fig. 3, the
maximum driving forces of the proposed controller are
smaller than that of the adaptive controller [5] and sat-
uration controller [19]; in addition, when designing the
controller, some nonlinear terms (suchas k ey, kgéy,
kpier,, kaiéy,, etc.), which are utilized to constrain the
control inputs by adjusting the control gains, are also
designed. In the future work, the control input satura-
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Fig. 11 Simulation results under actual working condition

tion will be comprehensively considered to solve prac-
tical application problems.

5 Conclusion

This paper presents a novel nonlinear coupled tracking
anti-swing controller, which can solve some difficult
problems of the DPUGC linkage system, such as low
working efficiency, inaccurate positioning of the trol-
ley, large hook/load swing, and poor anti-disturbance
ability. Compared with the existing adaptive controller
and saturation controller, the proposed controller has
more outstanding control performance, saves at least
15% of the transport time; and the hook/load swing
range can be controlled within 3 deg. Besides, the
proposed controller can meet the requirements of the
efficient transportation and effective anti-swing of the
crane; strong robustness can still be achieved under
the condition of changing the system parameters and

adding external disturbances. In addition, the proposed
controller can still achieve excellent anti-swing con-
trol effect when the actual crane system parameters are
adopted. In general, the proposed controller improves
the transportation efficiency of the gantry crane sys-
tem significantly, and can suppress and eliminate the
hook/load swing angle effectively, which is helpful for
the research and development of the automatic driving
of the gantry crane system, and has a great practical
significance and good application prospects.
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