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Abstract: The control system of tower crane exhibits strong nonlinearity in the process of control execution, which
is prone to the problems of inaccurate positioning control of the payload and difficult anti-swing control. Aiming
at the problems, this paper proposes a control law based on improved energy coupling analysis for suppressing the
payload swing in the tower cranes. A three-dimensional dynamic model of tower crane system with considering
friction is established, and an improved energy coupling signal is designed. The coupling relationship of trolley
movement and payload swing, jib rotation and payload swing are considered, then a nonlinear anti-swing controller
is established in order to reduce the swing. The closed-loop stability of the system with the controller is verified
by the Lyapunov method and LaSalle invariance principle, simulations and experimental analyses are performed
to verify the controller performance. The control performance of the controller is compared with other classic
and typical current control methods, and the proposed controller outperformed other controllers. The anti-swing
controller proposed in this paper has accurate positioning, and can achieve precise control when the payload is
transported, reaching the set target position in a little time and eliminating residual swing angle. Meanwhile the
proposed controller has a good control robustness, which can restore stability in around a very short time when
the rope length and payload mass of the system’s inherent property are changed and external interference is added.
In addition, when different target position parameters are uncertain, the proposed control law has good robust

performance.
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1. INTRODUCTION

As a typical hoisting engineering machine widely used
in construction sites, tower crane is mainly used for ac-
curate and rapid point-to-point lifting, transporting and
lowering of materials to designated positions. Tower crane
needs to prevent the payload from swinging substantially
during the transporting process [1]. The control system
of tower crane is a typical underactuated system because
its inputs is less than the number of system degrees of
freedom. The control system exhibits a strong nonlinear-
ity in the process of control execution, so it is a nonlin-
ear underactuated system. This type of control system is
susceptible to various external interference, so it is diffi-
cult to achieve the expected effect quickly and accurately.
During the transporting process, the payload is prone to
large swings, affecting the system transporting payload

positioning accuracy and great security risks [2]. On the
other hand, when the payload mass and length of rope
change, a large difference occurs during the positioning of
the system, which affects the control robustness of the sys-
tem. Therefore, solving the problem of tower crane’s pay-
load accurate positioning, swing amplitude suppression
and control robustness has become an important problem
in the precise control of construction machinery at present.

The core problem of underactuated crane control is to
establish nonlinear model and the design of the anti-swing
control law. At present, most scholars have done lots of
research on the automatic control system of underactuated
overhead cranes. There are both traditional open-loop con-
trol methods without state feedback [3], and closed-loop
control methods with state feedback [4-9]. These control
methods are of great significance for studying anti-swing
control of nonlinear underactuated tower cranes. For un-
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deractuated tower crane nonlinear systems, its dynamic
characteristics are complex. First of all, the tower crane
has a rotary motion of the jib, which is no longer a single
linear motion in two directions. This creates more com-
plex structural characteristics. The coupling of the jib ro-
tation and payload swing leads to the increased difficulties
of controller analysis and design of tower crane. The con-
trol of coupling the payload swing with the movement of
the jib and the trolley in the nonlinear system of the tower
crane is more difficult and challenging [10-12].

For the control method of nonlinear underactuated
tower cranes, the predecessors have done a lot of research
work. In order to minimize the swing of the payload,
Omar and Nayfeh developed a tower crane system con-
trol scheme based on dispatch feedback and fuzzy feed-
back [13—15]. The controller can lift the payload within
one oscillation period of the payload without causing over-
shoot for the trolley position. In the process of transport-
ing payload, the transporting payload time is close to the
optimal time, and it is small for the payload swing an-
gle. Vermeiren and Gonzalez et al. extended linear control
theory to robust control theory by introducing uncertainty.
Fuzzy control and gain scheduling control based on the
LPV method are one of the effective methods to solve the
control problem of nonlinear systems, and achieve good
control effect [16,17]. However, the introduction of un-
certainty in the design process will cause the performance
of the designed controller to decline. In addition, multi-
ple controllers are designed, and the controller is switched
according to the parameter change trajectory to realize
the gain scheduling control, which effectively solves the
control problem of the system with sector nonlinear in-
put, parameter uncertainty and external noise interference
[18], but its dynamic characteristics depend on real-time
measurable adjustment parameters. In [19], Vaughan et
al. shaped the reference command according to the sys-
tem’s natural frequency, developed and utilized the con-
trol method on the basis of command shape to reduce the
swing of the tower crane’s payload. However, the refer-
ence for the controllers is generally a step input, which
causes them fitter for short distances. Another problem of
the controllers is the sudden change of control action at
the starting of the movement, causing huge shocks. Fur-
thermore, the adjustment algorithm has not been tested
experimentally. Duong et al. designed a control strategy
for underactuated tower crane systems based on recurrent
neural networks, and used hybrid evolutionary algorithms
to further improve the overall control performance [20].
Wu and Sun, et al. put forward an adaptive fuzzy con-
trol scheme to improve the performance of tower crane
and effectively suppress payload swing, and the tradi-
tional LQR controller with excellent control effect in the
optimal control and the adaptive trajectory tracking con-
troller(ATTC) is also applied to the control system of the
tower crane [21-25]. But this method is slower to elim-

inate the residual swing angle when the system tends to
stabilize. In [26-28], Lee et al. designed a control method
based on adaptive synovial control and adaptive neural
control. Le et al. improved the controller under the adap-
tive layered sliding mode control strategy founded on neu-
ral network, which improved the adaptive performance of
payload swing [29]. For the purpose of controlling the ro-
bustness of tower crane system, Coral-Enriquez et al. re-
duced the robustness of the system based on the extended
state resonance observer control scheme [30]. However,
these controllers have complex features and are hard to
apply in the actual three-dimensional transporting process
of a tower crane. And friction is not considered in most
models. In practical system, friction has a great influence
on system performance, which should be incorporated into
the design of controller. In [31], El-Badawy et al. pro-
posed an inverse dynamics control scheme and carried out
experimental verification. In [32], Koumboulis et al. used
a model to change the friction compensation method to
complete the control task. In [33], Lee et al. developed
a tower crane trajectory tracking system based on laser
and verified its effectiveness. Bock et al. proposed a new
model predictive control method, which makes the pay-
load move along a predetermined path by ignoring certain
specific terms to complete the control task [34]. However,
these control methods are very sensitive to external inter-
ference and parameter changes.

Aiming at the above problems, this paper designs a con-
trol law for tower cranes based on improved energy cou-
pling analysis. The constructed nonlinear anti-swing con-
troller effectively controls the positioning of the jib and
the trolley, payload swing and swing amplitude suppres-
sion. Then, the system’s closed-loop stability under the
control law is verified by Lyapunov method and LaSalle
invariance principle. Finally, the designed controller is an-
alyzed by simulation and applied to the experimental plat-
form verified the actual performance of the controller.

The organizational structure of the article is as follows:
In Section 2, the tower crane dynamics model’s mathe-
matical description is established and the relationship be-
tween the parameters in the model is analyzed in detail.
Then in the third section, the design of the controller and
stability analysis are carried out taking the above model
as the basis. We design the controller based on improved
energy coupling and its stability is verified by Lyapunov
method and LaSalle invariance principle. In the fourth sec-
tion, simulation analysis and experimental verification of
the control effect are carried out. Finally, the full text is
summarized in Section 5.

2. ESTABLISHMENT OF SYSTEM MODEL

The schematic diagram of the three-dimensional model
of payload swing during the transporting process of the
tower crane can be described as Fig. 1.



Nonlinear Anti-swing Control of Underactuated Tower Crane Based on Improved Energy Function 3969

Spindle Y

X Brace

1

—
Wirer?e

N
~x
__:::¥{

Foundation I Payload
Support

Fig. 1. A simplified model of payload swing of tower
crane.

Table 1. Assumptions when constructing dynamic model
of tower crane.

Content

Ignore the elasticity and quality of the

Assumption 1 . )
wire rope transporting process

Ignore the swing of the hoisting rope
relative to the hook during the
movement of the payload

Assumption 2

The deformation and vibration of the jib

Assumption 3 .
P are ignored

Assumption 4 | The payload is treated as a particle

The rope length in three dimensions is
approximately equal to the length of the
swing rope in two dimensions

Assumption 5

The dynamic model of the tower crane is very compli-
cated. We consider the effect of various factors on pay-
load swing. When constructing the tower crane dynamics
model, this article made the following five assumptions in
Table 1. In the three-dimensional model of the tower crane
system, Table 2 shows the system parameters.

Based on the above 5 assumptions and according to the
dynamic model of underactuated linkage system (where
a<b) with a degree of freedom and b as the number of con-
trol variables, the classical dynamic model of tower crane
based on the D’ Alembert’s principle and Euler-Lagrange’s
equation is established as follows [11]:

M(q)§+Vu(q,9)4+G(q) =U+F,. 1)

Among them, g € R*! represents the state vector of
the system; M(q) € R** represents the inertia matrix;
Viu(q,q) € R¥ represents the direction Centripetal -
Coriolis force matrix; G(q) € R**! represents the grav-
ity vector of the system; U € R**! represents the control

Table 2. Tower crane system parameters.

Symbol Implication Unit
p Variable amplitude motion m
displacement
¢ The angle of the jib deg
6, The swing angle of the payload in the deg
vertical plane of the jib
6, The swing angle of the payload outside deg
the vertical plane of the jib
0 The swing angle; of t.he payload relative deg
to the vertical direction
l The length of the rope m
J The moment of inertia of the jib kg-m’
M Trolley mass kg
m Payload and hook mass kg
D The displacemer}t .of the payload with m
respect to the origin

vector of the system; F, € R**! represents the system’s
friction disturbance vector.

The above quantities are specified as follows:

System state vector

a=p(t),0(1),6:(r),6:(t)]", )

Inertia matrix of the system:

M(q)
M+m 0 ml cos 6, 0
0 J+M+m)p?> 0 mipcos6,
| micos® 0 mi? 0 - ®
0 mlpcos6, 0 mi?

System Centripetal-Coriolis force matrix:

Vn(q,4)
0 0 —mlBsin6 0
00 0 0
System gravity vector:
G(q) = [ 0 0 mglsin®; mglsinB, }T. 5)
System control vector:
U=[F T, 0 0] ©6)
System friction disturbance vector:
Fo=[-f -1, 0 0o]". 7

According to the friction model in reference [11], the
following friction model is selected to represent the fric-
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Fig. 2. Schematic diagram of overall control structure of tower crane.

tion characteristics of tower crane when transporting pay-
load.

£=fuoptanh® — £ 1ol p,
“q.) ®)
Ty = frog tanh e frip 9] 0.

In addition to the parameters already introduced above,
in the above formulas, f and Ty in F,; respectively
represent the control force for controlling the forward
and backward movement of the trolley and the control
torque force for controlling the rotation of the swing jib;
and in are resistances in both directions. Among them,
Srops 1, frips frogs €, fup € R are corresponding friction
factors.

To make the analysis clearer, the dynamic model estab-
lished above is expanded as follows:

(M +m)p +ml; cos 6, —ml6; sin 6,
= Fp _f7

mlp cos 0 + mglsin 6 —|—mlzél =0,

.. 9

JO+ (M +m)p*p —mlpB,cos 6, ©)

—mlp62sin6, = T, — Ty,

mlp @ cos 6, +mglsin @, +mi*6, = 0.

Fig. 2 shows the control structure schematic diagram
for the tower crane dynamic model in this paper.

Remark 1: Considering the actual working conditions,
the payload will not swing above the tumult, so the
swing angles of 6,(¢) and 6,(z) are always in the range
(—m/2, m/2). The mathematical expression is as follows:

T T
—— <06, 0 — VvVt >0. 10
5 <0, 6, < 5 vt > (10)

Remark 2: M(q) matrix is invertible and is positive
definite symmetric matrix.

3. CONTROLLER DESIGN AND CLOSED-LOOP
STABILITY ANALYSIS

The main content of this section is to design an im-
proved energy-coupled controller for the tower crane, and
verify the closed-loop stability of the system when the
controller acts through the Lyapunov method and LaSalle
invariance principle.

3.1. Controller design

As mentioned in the previous two sections, the control
target is to reach the target position (ps, ¢;) quickly and
accurately and effectively eliminate the payload swing an-
gles 0y, 6,. Furthermore, design appropriate controllers
around this goal.

According to (9), the accelerations of the trolley, the in-
ner swing angle of the vertical plane of the jib, the rotation
of the jib and the outer swing angle of the vertical plane
of the jib are respectively:

—16,
5= _gtan®
p cos 6, gHans,
6 — Fy— f+ml6]sin0) + (M +m)gtan 61
mlcos 0 — UZI‘IZ])I 7
. —léz _ gtan@z

)

¢= cos 6, p

. T,—Ty+mlp63 sin Ox+[J+(M+m)p?| pgtan 6,

6, [+ (Mm)p2l
pcos 6,

mlp cos 6, —

Y

The above expressions of p, ¢, 0;, 8, are related to the
order in which the four quantities are solved, and they can
also be solved in different order. That is p, ¢ can also be
expressed as follows:

5= Fy — f +ml6]sin 0; +mlB, cos 6

b

M+m
o . .. (12)
. Ty —Tr+mlp0O;sin 6, —mip 6, cos 6,
¢= J+ (M +m)p? '
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Since the energy of the system can reflect its motion
state, according to the dynamic model of underactuated
system of tower crane analyzed above, its energy can be
obtained as follows [5,11]:

1
E(t)= 5qTMC(q)szgl(l —cosB cosB,), (13)

where M. = M(q), the other quantities in the formula have
the same meaning as in the previous section. And the en-
ergy function E(¢) is positive, that is, E(z) > 0.

For the energy formula, the derivative of time is substi-
tuted into equations (9), (11), (12), (13) and sorted out.

E(t)=4" (U+Fs)=(F—f)p+(T,—T)9. (14)

This formula indicates that the tower crane system with
U+ F, as input, ¢ as output and E(¢) as energy storage
function is passive and dissipative. But E(¢) does not di-
rectly include the relevant information 6(z), 6(¢) in the
payload. That is, the payload swing angles 6;(r), 6,(¢)
in the energy E(f) of the underactuated system of the
tower crane are not strongly coupled with the control in-
put amount U + F;. In order to enhance the state correla-
tion between the payload status information and the input
information. A new energy storage function needs to be
constructed in the process of designing the controller of
the system.

Modifying the energy function can enhance the cou-
pling relationship between the indirectly controlled object
and the directly controlled object in the underactuated sys-
tem. To this end, the construction process of a new energy
function is introduced next.

In order to construct a suitable energy function and con-
troller, the error signals before the payload reaches the tar-
get position are defined as [24]:

{pp=p(t)—pd7
= @(t) — Qa.

According to the positional relationship of the pay-
load swing angle, jib, and trolley in the three-dimensional
space direction, we define the generalized positioning er-
ror signals after considered the coupling between them
comprehensively.

15)

Op = Pp —kapsin By,
o — kap sin 6, (16)
o=@ pthey
Where kqp, kqsp € R are positive control gains. And the
denominator is not equal to 0.

It can be seen that the signal contains all the information
of p(t), @(t), 6:(t), 6,(¢), and the derivative of the error
signals in the above two directions is obtained.

6p =P —kap B cos 6y,
kappsin®y ka6 cos 6, (17)
(P +ka(p)2 P +kﬂ¢ -

Gp =+

The control amount equivalently acts on the general-
ized rotary motion and generalized horizontal motion of
the payload. In this way, the derivative of the constructed
new energy storage function is as follows:

E(t) = (Fp — f)6p + (T — Ty) Sy (18)

After the construction of the energy storage function
described above, the coupling between the quantities in-
creases significantly. That is, the swing angle 6, has a
nonlinear relationship with the displacement p of the trol-
ley in the function of the generalized error signal, and the
swing angle 6, has a nonlinear relationship with the turn-
ing angle ¢ of the jib and the displacement p of the trol-
ley. Based on the constructed new energy storage func-
tion, consider the following formula for the positive defi-
nite scalar function V (¢).

2 2
kppOp~ | kppOyp

V() = E (1) + 2 e

(19)
where &, kpp € RT are positive control gains. E;(r) =
kppOpGp +kpp0yGy > 0 is the derivative of the improved
energy function. The derivative of

V(t) = (Fp = f +kpp0p)Gp + (Tp — Ty + kppOy) G-
(20)

The constructed controller is as follows based on the
above form of V (¢) and combine (9), (13), (14), (16), (18)
to get

Fp = —kpp(Pp —kap sin 6y)
—kdp(p—kapélcosel)—i—f,
kuo Sin 6,
T, = —k e
[ P‘P((PP p+ka(p )
. kyopsin® k,0; cos O
—kd(p((P+ a(pp ;_ ap Y2 2)+Tf.
(P +kaq)) p+ka(P
21

Where kg, kqp € RT are the positive control gains.

The result of formula (21) is the nonlinear anti-sway
control rate designed in this paper. The driving force F,
of the trolley movement and the driving torque force T, of
the jib rotation are used as the design criteria as the input
of the system. The real-time change of rope length is not
considered here.

3.2. Closed-loop system stability analysis

Based on the design of the previous section, the ad-
justable control law of the stable payload movement can
ensure that the positioning error of the trolley and the jib is
gradually converged to zero. At the same time, during the
transportation, the payload’s swing angle swings within a
small range and is eventually eliminated. That is, Theorem
1 must be satisfied.
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Theorem 1: The controller (21) can drive the trolley
and the jib to lift the payload accurately to the specified
positions p,, @4, and when the system is stable, the effec-
tive residual swing angle 6; and 6, of the load is effec-
tively eliminated. In the sense that

lim [p(t) p(t) (1) @(r) 6:1(r) 61(1)s(r) 0(1)]
=[ps 0 ¢ 0000 0]. (22)

Proof: To prove Theorem 1, we first define the follow-
ing non-negative scalar function:

ky,y0,>  k 2
V(t) :E,(t)+%+% > 0. (23)

Combining formulas (19)-(21), derivate the scalar func-
tion V (t).

V(1) = —kap6, —kapGy < 0. (24)
According to its derivative, it can be known that
V(t) <V(0), vt > 0. (25)

That is, the equilibrium point of the closed-loop system is
stable in the sense of Lyapunov, which is easy to obtain

V(t) € L. (26)

According to formula (20), (22) and (23), it can be ob-
tained:

ppa‘Ppan‘Pa 91762761376([)76[)56(})5
0,9,01,00,Fp, Ty € L. (27)

For further prove the stability of the closed-loop signal
and complete the proof of the whole theorem, the follow-
ing set S is defined:

S={(p,9,p.¢.61,6,,6,,6,)|[V(r) =0}. (28)

Define Q as the largest invariant set in S. It is easy to know
from formula (24) that in the set Q, the derivative of the
system’s generalized positioning error signal:

6p=0p —kapél cos6, =0,
kapPsin®,  kap0rcos6, 0 (29)
(P +kap)® P tkap '

Gp=0¢+
The following formula can be obtained:

Op = Pp —kapsinb; = ayp,
kap sin 6, (30)
ok

Gp =P —kap 6, cos 0, — kap 912 sin 6,
= O’
60— b+ kapf sin 65 + 2ka,p;2§92 cos 6,
(P +kap)
2kapp?sinGy  kopbrcos6y  kup07sin6,
 (ptke) | Ptk Pt
=0.
(31)

In the above formulas, ¢, and ¢, are undetermined con-
stants. According to the formulas (21), (27), (28), (30), in
the set Q,

F,=—k,,a,,
P pp %p (32)
Ty = —kpeOty.
Assuming that o, # 0, we can see from Equation (31):
—oo, 0y >0,
H(t) = t — oo, 33
p(1) {+m,ap<o, (33)

This is contradictory to the formula (27): p(¢) € L., and
the hypothesis does not hold. Combined with formula
(12), if p(t) € L. and only if o, = 0.

In summary, combined with formula (28)-(33), after
analysis, in the set Q,

0, =0,p=0,F,=0. (34)

p =p, =B, B € R is the undetermined constant. Simi-
larly, make the same assumption, it is not difficult to ob-
tain in the set Q, if and only if B =0, p = 0 holds, that
is, p = p, =0.

Combined with (23), (27), (28), (30) and (31). It is not
difficult to draw

6,=0,60=0, 6, =0. (35)

In the same way, it is similar to the above proof process,
which will not be repeated here.

o, =0,9=0,T,=0. (36)
From ¢ = ¢,=0,

6=0,6=0,0=0. (37)
It is easy to get from formulas:

0p,00,Fp, Ty, p,$ =0. (38)

Substitute formulas (35) and (37) into (30) and (15), and
combine formula (38). It is easy to know that 6, =0 —
P —pPd; Op=0— @(t) — @a.

From the conclusions of formulas (34)-(38), it can be seen
that the maximum invariant set £ contains only one equi-
librium point:

[p(t)vp(t)v(p(t)v(p(t)?el (t)v 91 (t)a QZ(I)’ ez(l)]
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=[ps 0 @ 0 0 0 0 0.

According to Russell’s principle of invariance [23-25], the
theorem is proved. That is for the following parameters:

ppv(ppapv(Pa917927p7(p7617é2'

Formula was established:

lim [p(1) p() @) ¢(r) 61(r) 61(r) 62(r) O2(1)]
=[ps 0 @ 00 0 0 0.

This is the end of proof. g

4. SIMULATION RESULTS AND
EXPERIMENTAL ANALYSIS

In order to test the effectiveness and robustness of
the control performance of the proposed control method
shown in (21). This section is mainly carried out through
experimental verification and simulation analysis on the
tower crane experimental platform (See Fig. 3). Table 3
shows the given parameters of the experimental platform.

In Fig. 3, the forward and backward movement of the
trolley is driven by an AC servo motor (trolley’s control
motor, 1500 W, 3000 r/min), and the horizontal displace-
ment is obtained by a coaxial encoder (2000PPR) con-
nected to the servo motor. The rotation of the jib is driven
by the AC servo motor (1000 W, 3000 r/min) installed on
the jib to drive the large gear connected to the column to
complete the relative rotation. The rotation angle is ob-
tained by the coaxial encoder (2000PPR) connected with

Control motor
of the jib

Control motor
of the trolley

Tower crane
NN '

L
| Wirerope
€l
Payload A

Motor braking and
o2 -— encoder control system
T 5 :. i
:e";otf Manual Foundation
ano;o Control Support %

Lever

Multi-mode
sensor system

Fig. 3. Tower crane experiment platform.

Table 3. The given parameters of the experimental plat-

form.
Symbol Implication Numerical Unit
value
J Thel moment of inertia of 300 kg - m?
the jib
M Trolley mass 9 kg
8 Gravitational acceleration 9.8 m/s?
L Total horizontal length 6 m
H | Total vertical height 33 m
PL Trolley trip 5 m
¢ | Rotation range of jib +180 deg
I Hook stroke 3 m
Gy | Maximum load 150 kg

the rotary servo motor. After the transformation, the rota-
tion angle of the jib and the horizontal displacement of the
trolley can be obtained. This position signal is collected
and processed by the motion control board (high-speed
DSP as the motion control core) in the motor braking and
encoder control system, and then transmitted to the upper
computer PC through the LORA (a type of wireless de-
vice) of the execution station IPC. After the position swing
angle of the payload is collected and processed by the mul-
timode sensor system (MPUG6050 as the sensor of process-
ing core), the data is uploaded to the upper PC by the wire-
less device LORA in the form of digital signal. In this way,
the remote signal is transmitted to the upper computer.
The host computer PC uses MATLAB/Simulink module
to real-time window target. The PC generates control in-
put commands according to the designed control law and
transmits them to the execution station IPC through the
wireless device LORA. The motion control board in the
motor braking and encoder control system transmits the
input commands to the two AC servo motors respectively,
and the control cycle is 10 ms.

Specifically, the communication method of the tower
crane automatic driving experiment platform is wired and
wireless communication. The designed control law is re-
alized by programming in C ++ language on PC. The con-
trol signal of the PC is sent out from the slave LORA 1
and received by the LORA 1 master. After the signal is
processed by the execution station IPC, the motion con-
trol board in the motor braking and encoder control system
sends the signal to the corresponding AC servo motor con-
troller respectively. The controllers control the motors to
take corresponding actions. At the same time, the payload
position information collected and processed by the multi-
mode sensor system is sent from the wireless slave LORA
2 to the wireless host LORA 2 connected to the host PC in
real time. The PC stores the received hexadecimal data as
a txt file in real time. A program written in MATLAB soft-
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Fig. 4. Control mode of signal transmission logic diagram.

ware converts hexadecimal numbers to decimal numbers
in real time and displays them in graphical form through
MATLAB/Guide and MATLAB/Simulink modules. Fig.
4 is a logic diagram of signal transmission in the control
mode (The direction of the arrow is the transmission di-
rection of the signal flow. The solid line represents wired
communication, and the dotted line represents wireless
communication).

The main content of the experiment is to test the perfor-
mance of the designed controller. It is specifically divided
into:

1) Simulation comparison of control performance under
precise model parameters.

2) Basic control performance experiment.

3) The robustness test of the control effect of the con-
troller when the payload mass and the rope length
change.

4) Robustness detection under uncertain parameters.

5) The robustness test when the external disturbances
are added to the stability state.

In order to describe the distance and the payload’s
swing amplitude during the movement process, the fol-
lowing calculation formula is designed in this paper.

The distance of the payload from the origin on the cen-
tral axis of the tower crane.

D= \/x2+y,>+2.% (39)

The displacements in the three directions of space:

xg =1sin6, + (Icos B, sin O; + p)sin @,
yqg = (Icos6,sinB; + p)cos @, (40)

74 = —1cos 6,cos 6;.

The relationship between the pendulum’s vertical swing
angle and the two sub-direction swing angles:

lcosO =1[cosB,cos 6. 41

4.1. Comparison of basic control performance simu-
lation
To verify the control effect of the controller proposed
in this paper, we compared the classic LQR controller
[10,24], PD controller [5] and adaptive trajectory tracking
controller(ATTC) [24] in the modernized control theory
after linearization.
The design of the PD controller is as follows:

{FpPD:_ p1(P —Pa) —kaip + f, 42)

Torp = —kp2 (@ — @4) —kar @ + T,

where kp1, ka1, kp2, kap € R™ are control gains. The control
gains during comparison are consistent with the selection
of the controller mentioned in this article.

In order to design the LQR controller, we linearized the
model of the tower crane. The resulting LQR controller is
as follows:

Foror = —kit (p — pa) — kinp — k301 — ki 61,
Toror = —kji (¢ — @a) —kp® —kj36, — ks,
43)
where k1, ko, ki3, ki, kji1, kjo, kj3, kja € R are control

gains. The selection mode of control gains are determined
by referring to reference [24] and after many times of de-

bugging.
The design of the adaptive trajectory tracking con-
troller(ATTC) is as follows:

(M +m)pr +mlf; cos 6,
2app’
(‘sz —(p—- Pd)z)

Toarrc = —kpo(Q — Q1) —kar P
+ (M +m)$r +ml6,cos 6,
2wply’
(‘gq)z —(p— (Pd)z)

{FpATTC =—kp1(p — pa) —karp
+

+f-

5 (P —Pa)s

+ T -

2((P_(Pd)a

(44)
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Table 4. Simulation parameters set during simulation.

Symbol Implication Nu\I};lelical Unit
m Payload and hook mass 2 kg
l The length of the rope 1.2 m
Py The target position of 25 m
the trolley
The target position of 120 d
P the jib 8
The target position of
Dy the payload with 2.77 m
respect to the origin

where k1, kg1, kp2, kqo € R™ are control gains. pr, @r are
the target tracking trajectory, see [24] for specific plan-
ning methods and parameters, Aqp, Aoy € R™ are positive
gains to be adjusted, and &,, &, € R™ are tracking in two
directions respectively error limit value.

Set some parameters here as follows: Ayp = 0.1, Ay =
0.1, &, =0.05, &, = 0.05.

The parameters of the trolley, the target position, etc. in
the system are set as Table 4.

The initial state of the system:

P(0) = 9(0)=0,p(0) = (0)=0, 6;(0) = 6,(0) = 0.

According to [22] and multiple simulation tests to get
the best control performance, the selected control gain pa-
rameters after improvement are shown in Table 5. Figs.
5-7 show the simulation results. The control effect of the
controller proposed in this article is indicated by red line,
the control effect of the LQR controller in classic cyber-
netics is indicated by the purple dotted line, the control
effect of the traditional PD controller is represented by the
green dot-dash line, and the control effect of the adaptive
trajectory tracking controller in classic cybernetics is indi-
cated by the blue dotted line. Table 6 shows the evaluation
indexes.

The meanings of the parameters defined in Table 6 are
as follows:

t;1: The time for the trolley to reach the setting destina-
tion.

ts»: The time for the jib to reach the setting destination.

01,,: The maximum angle of 6;.

65,,: The maximum angle of 6;.

6,,: The maximum angle of 6.

6,: Residual swing angle in the joint direction after run-
ning for 15 seconds.

t,: Total time required for residual swing angle to meet
industrial requirements.

F,,;: Maximum driving force of the trolley during execu-
tion.

T,,: Maximum torsional driving force of the jib during
execution.

From Figs. 5-7 and Table 6, it can be concluded that
when the basic parameters are similar, the target position
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Fig. 5. Simulation results for proposed controller, LQR
controller, PD controller and the adaptive trajec-
tory tracking controller in the motion direction of
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Fig. 6. Simulation results for proposed controller, LQR
controller, PD controller and the adaptive trajec-
tory tracking controller in the rotation direction of
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Fig. 7. Simulation results for proposed controller, LQR
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tory tracking controller in the compound direction.
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Table 5. Control gains for two controllers.
Controllers kyp kap kap kpe kag kap ki ks> ki3 k4 Jrop Srip
Proposed method 10 1 20 152 1 323 NA NA NA NA 6 8
LQR NA NA NA NA NA NA 11 20 3 2 6 8
PD NA NA NA NA NA NA NA NA NA NA 6 8
ATTC NA NA NA NA NA NA NA NA NA NA 6 8
Controllers Jirog Jrig u € kji ki kj3 ks kpi ka1 kpo ko
Proposed method 6 1 1 1 NA NA NA NA NA NA NA NA
LQR 6 1 1 1 221 302 4 1.5 NA NA NA NA
PD 6 1 1 1 NA NA NA NA NA NA NA NA
ATTC 6 1 1 1 NA NA NA NA 10 20 152 323

Table 6. Controller simulation comparison evaluation in-

dicators.
Controllers | #;(s) |f2(s) | O1u(deg) | 62 (deg) | 6,,(deg)
Proposed | 475 |505| 6.12 324 | 6.04
method
LQR 550 |6.72 13.85 7.23 13.72
PD 521 |5.12 13.70 4.72 13.62
ATTC 493 |5.15 13.25 2.45 13.12
Controllers |6;(deg) | t,(s) | Fn(N) | T,(N.m)
Proposed 0 |720| 242 318
method
LQR 5.12 | >25 25 461
PD 5.06 | >25 26.2 321
ATTC 2.12 | >25 125 319

is the same, the method proposed in this article in terms of
the maximum driving force F,, and the maximum torsional
driving force T, are the least compared to the other three
methods, the tower crane system under the action of the
proposed controller in this article performs best. The con-
troller proposed in this paper effectively restrains the load
from swinging in two directions, and the residual swing
angle is quickly eliminated when it reaches the setting des-
tination. In particular, the controller designed in this paper
has the least time to reach the target position, the elim-
ination time ¢, = 7.2 s of the residual swing angle, the
smallest swing angle 6y,,, 6,,, of the motion direction and
the combined direction. Although in the rotation direction
of the jib, the adaptive trajectory tracking controller has
the smallest angle 6,,,, the swing angle in the merging di-
rection is still larger than the method in this paper, and
the adaptive trajectory tracking method has a great im-
pact on the system at the fifth second. Compared with the
three control methods, the proposed controller improves
the control performance.

4.2.

In order to verify the control performance of the pro-
posed controller in the experimental application process,

Basic control performance experiment

we compared the experimental results with the simulation
results. Running the experiments under the above param-
eters of Experiment 4.1, the results obtained are shown
in Figs. 8-10. The red solid line represents the simulation
result graph, and the experimental measurement graph is
represented by the blue dashed line.

It can be seen from Figs. 8-10 that the experimental re-
sults have basically the same effect as the simulation under
the proposed controller. The reason for the slight differ-
ence between the two curves is the influence of the hard-
ware conditions of the system (rotation of the motor, elon-
gation of the wirerope, etc.) on the control accuracy during
the experimental control. The trolley accurately reached
the target position p; = 2.5 m in about 5 s. At the same
time, the swing jib reached the target position ¢; = 120
degrees at about 5 s. The distance between the payload and
the origin on the central axis of the tower crane reached the
position D; = 2.77 m accurately in about 5s. And in this
process, the amplitude of the swing angle 0; of the rope
did not exceed 7 degrees. The amplitude of the swing an-
gle 6, of the hanging rope did not exceed 4 degrees. The
amplitude of the swing angle 6 of the suspended rope rel-
ative to the vertical direction did not exceed 8 degrees. At
the same time, when the target position is reached, swing
angle of payload in all directions quickly converge to zero,
and the residual swing is eliminated in a little while. This
shows that the control law designed in this paper effec-
tively suppressed the load swing angle during transporta-
tion. The controller has good anti-swing transient control
performance.

4.3. Impact of payload mass and rope length changes

on robustness

To test the robustness of the designed control law, three
sets of control variable experiments were performed in
this experiment and compared with the basic control per-
formance experiment of Experiment 4.2. Figs. 11-13 show
the simulation results (Experimental testing is not done
here).
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Fig. 10. Results for proposed controller in the compound
direction on basic control performance compari-
son test.

Case 1: Compared with Experiment 4.2, only the pay-
load mass was changed to m = 22 kg, and other parameters
were the same as Experiment 4.2. The simulation results
are shown by the blue dotted lines in Figs. 11-13.

Case 2: Compared with Experiment 4.2, only the length
of the hanging rope was changed to / = 2.5 m, and other
parameters were the same as Experiment 4.2. The simula-
tion results are shown by the green dashed lines in Figs.
11-13.

Case 3: Compared with Experiment 4.2, the Parameter
changes are m = 22 kg, [ = 2.5 m, respectively. The simu-
lation results are shown by the purple dotted lines in Figs.
11-13.

Figs. 11-13 show the simulation results of the three
cases. It can be seen from the above simulation result
graph that, whether it is Case 1 changing the payload
mass or Case 2 changing the length of the sling, or Case
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Fig. 11. Simulation results for proposed controller in the
motion direction of the trolley.
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Fig. 12. Simulation results for proposed controller in the
rotation direction of the jib.
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Fig. 13. Simulation results for proposed controller in the
compound direction.

3 the payload mass and the length of the sling simulta-
neously change. The control law designed in this paper
can achieve the same control effect as that of Experiment
4.2. When the rope length and load quality are changed,
the load reaching the target position in both directions
and 1y, are basically controlled within 10 s; the maximum
synthetic swing angle 6,, during the process is controlled
within 9 degrees, or even smaller; the swing angle is basi-
cally eliminated within 2 s. This shows that the control law
designed in the article has the advantages of good control
performance and adaptability, and good robustness.

4.4. Impact of target position changes on robustness

In order to verify the dynamic response performance of
the control scheme under the condition of uncertain pa-
rameters, this simulation experiment compared four dif-
ferent cases. Four different target locations were selected:

1) ps=2.5m, ¢; = 120 degrees;
2) pg=1.5m, ¢; =120 degrees;
3) pg =2.5m, ¢; = 135 degrees;
4) pg=1.5m, ¢; = 135 degrees;

Figs. 14-16 show the simulation results (Experimental
testing is not done here). It can be seen from the simu-
lation results in Fig. 14-16 that the control law designed
in this paper can achieve the same good control effect as
Experiment 4.2 when the transport target position changes
under four conditions. It can accurately and quickly trans-
port the payload to the setting destination. When the target
position changes, the swing angle 6,,, and 6,,, of the load
in the two directions during the whole lifting process is
within 4 degrees and 9 degrees respectively; the time #; to
reach the target position is controlled within 5s; when the
target position is reached, the residual swing angle 6 tends
to 0 degree. This indicates that the control scheme has ex-
cellent dynamic response performance and good control
robustness under uncertain parameters.
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Fig. 14. Simulation results of different target locations for
proposed controller in the motion direction of the
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4.5. Experiment on the influence of disturbance on
controller robustness

When a tower crane is transporting a payload, external
disturbances such as wind payloads and collisions are in-
evitable. To test the robustness of the control law against
external interference, the content of this experiment is
to add external disturbances to simulate the wind pay-
load when the payload reaches a stable state, and observe
whether the payload can reach the steady state again and
the time required to reach the steady state. The added
external interference is to be similar to the actual work-
ing environment, and the added interference is limited to
within 10 degrees. The parameters of this experiment are
the same as those of the basic control performance test of
Experiment 4.2. The difference is that at 11 s, when the
payload reaches the equilibrium state, a 1.5-degree sinu-
soidal trigonometric function disturbance is added to the
two directions. The experimental results of the test are in
Figs. 17-19. The red solid line represents the simulation
result graph, and the experimental measurement graph is
represented by the blue dashed line.

Figs. 17-19 show the experimental results have basi-
cally the same effect as the simulation under the proposed
controller when interference is added. The reason for the
slight difference between the two curves is the same as
Experiment 4.2. In addition, when adding disturbances to
the payload, there is an error from the theoretically de-
signed disturbances. Therefore, the curves are not overlap.
It can be clearly seen that under the action of forces and
moments in two directions of the control law Fy, T,. Af-
ter the trolley, swing jib, and payload reach the designated
position accurately and the swing angle stabilizes, exter-
nal disturbance factors are added at 11 s. Under the ac-
tion of the controller, the change in the trolley’s displace-
ment and the jib’s angle is very weak, and the swing angle
of the payload in both directions can still be quickly sta-
bilized within 6 s. The change of the swing angle 6; of
the payload is controlled within 4 s, and the swing angle
becomes stable within 6 s. The residual swing angle ap-
proaches 0 within 7 s. The displacement change does not
exceed 0.6 m. The change of the swing angle 6, of the
payload is controlled within 4.5 s, and the residual swing
angle meets the swing amplitude requirement within 5 s.
The rotation angle of the jib does not change more than 15
degrees. After synthesis, the amplitude of the swing angle
0 of the sling relative to the vertical direction is 17 de-
grees, and the residual swing meets the swing amplitude
requirement within 7 s and is finally eliminated, and the
combined direction of displacement change does not ex-
ceed 0.97 m.

5. CONCLUSION

To solve the problems of poor positioning accu-
racy, large amplitude of payload swing and poor anti-
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interference performance for underactuated tower crane
system, an improved energy coupling anti-swing control
method is proposed in this article. A controller based on
the improved energy function is designed, which con-
sidered the the strong coupling of trolley movement and
payload swing, jib rotation and payload swing. The pro-
posed controller achieved the maximum swing angle of
6.04 degrees under 5 seconds and effective suppression
and elimination of residual swing angle. Compared with
the traditional LQR controller, PD controller, and the
adaptive trajectory tracking controller in the transporta-
tion efficiency, the proposed controller has been greatly
improved by at least 50%. In terms of driving force, sup-
pression of swing amplitude, and elimination of residual
swing angle, the proposed controller has the best control
effect. When the length of the suspension rope and the
payload mass change, the designed controller still meets
the requirements, the swing amplitude is controlled within
7 degrees or even smaller, and the effective suppression
and elimination of the residual swing angle are within
5 s. In addition, the proposed controller has the same
control effect under the condition of uncertain parame-
ters. It has good robustness and continues to stabilize by
maintaining the internal swing angle of 3 s when external
disturbance is added. The experimental results applied on
the experimental platform have the same control effect
as the simulation analysis. The proposed control method
provides a theoretical basis for the anti-sway control of the
tower crane and helps to improve the working efficiency
of tower crane.
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