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Abstract

Gantry cranes are wildly used in various fields such as industry and transportation. There are various
approaches to control cranes, but most of them are difficult in design and implementation in practice. Input
shaping technique in combination with traditional PID controller is a practical approach but its performance is
easily degraded by disturbance and parameter uncertainty. This paper proposes ADRC in combination with
Input shaping approach in which ADRC is used to reject disturbance while keeping the simplicity in design
as PID controller, and Input shaping plays the role of vibration suppression. Simulations show the

effectiveness of the proposed approach.
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1. Introduction

Cranes play an important role in various fields
such as industry, transportation, construction, etc.
They are increasingly used and becoming larger,
faster, and necessitating efficient controllers to
guarantee fast turn-over time to meet safety
requirements. One of the most challenged problems
in controlling of <crane is the payload
pendulation/oscillation suppression. Over the past
decades, the anti-sway or oscillation suppression
control has been extensively researched, from open-
loop (such as input-shaping [1], hybrid shape control
[2]), closed-loop control (linear control, optimal
control, adaptive control, see [3] for details), to
intelligent control (fuzzy control, neural network,
genetic algorithm, see [4] for more details). But most
of them are complicated and difficult to implement in
practice, especially with closed-loop control and
intelligent control. The open-loop control such as
input shaping is quite simple and usually is combined
with PID controller of crane cart to suppress the
oscillation of payload. This can be applied in practice,
however, it performance is easily degraded by
disturbance and parameter uncertainty.

In recent years, Active Disturbance Rejection
Control (ADRC) is interested in to replace the
traditional PID controller. This concept was
originally proposed by J. Han [5, 6], but only
becomes transparent to application engineers since a
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new parameter tuning method is proposed in [7]. This
control method shows several advantages for
disturbance rejection and for process with inaccurate
parameters. ADRC is a powerful control method
where system models are expanded with a new state
variable, including all unknown kinetic and
disturbance, that commonly happens in system
formulation. The new state is estimated by using the
Extended State Observer (ESO). ADRC has been
applied for controlling of various systems such as for
rigid coupling motion control system [8], decoupling
control for multivariable system [9], flexible system
[10], three-axis didactic radar antenna control system
[11]. ADRC approach is also used to control the
payload’s position of crane system [12]. In this paper,
in order to further improve the performance of the
system while keeping the simplicity in designing the
controller for practical use, the combination of input
shaping with ADRC is proposed. ADRC, the
replacement of PID controller, can be simply
designed, but can reject the effect of disturbances.
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Fig. 1. An overhead crane system.
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2. Mathematical Model

The gantry crane system is illustrated in Fig. 1,
where x is the horizontal position of trolley, / is the
length of the hoisting cable and 6 is the sway angle.

For the sake of simplicity, both the trolley and
the payload are considered as point masses and the
friction between the trolley and the rail is neglected.
The equations for the gantry crance model are [13]:

(m, +m,)¥ +m,l0 cos @ +m,I sin@

. . . (1)
+(2m,l cos @ —m,l0sin0)0 = F,
16 +20i + XcosO+gsin@ =0 )
my (I +¥sin@—16* — gcos) = F, 3)

Suppose that the tension force that will cause
the hoisting cable to elongate is neglected, thus / can

be assumed to be constant and /=7 =0. We have
then the equation (1), (2) and (3) become:

(m,+m)s+m16cos@—m 10°sin@=F, (4)
)
(6)

16 +%cos@+gsind =0

m, (isin@—10” —gcos@) = F,
3. Control System Design
3.1 Position control of the trolley

3.1.1 ADRC Concept

The concept of ADRC was pioneered by J. Han
[5]. A second order plant is considered:

J(@O) = f (8., y,0)+bu(®) (7

where u is the control input, y is the output and @ is
the disturbance. According to Han, the generalized
term f(z,y,y,®) (from now on f'is used to denote

S (.3, y,) where applicable) is insignificant while

only its real time estimate f is important. Therefore,
an Extended State Observer (ESO) is constructed to
provide f‘ such that we can compensate the impact

of f on the model by means of disturbance rejection.
This allows the control law to be constructed as:

u= h ®)
to reduces the plant in (7) to a form of:

V(1) = u, €
which can be easily controlled. In general, this

concept is applicable to higher order systems. It
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requires little knowledge of the plant, the only thing
required is the knowledge of the order of the plant
and the approximate value of parameter by. The
convergence of linear ESO is extensively discussed in
[14].

The ESO was originally proposed by J. Han [6]
and made practical by the tuning method proposed by
Gao [7], which simplified its implementation and
made the design transparent to engineers. The main
idea is to use an augmented state space model of
equation (7) that includes f as an additional state. In
particular, let x; =y, x; = y and x3= f.

The augmented state space form of equation (7)
is:

x,(t) 0 1 0)Yx® 0 0
L@ (=10 0 1| x,@) |+ b |u@®+|0 7@
x,(2) 0 0 0){x(0) 0 1
x (1)
y(t)=(l 0 0) x,(t)
¢ x}(t)

(10)

The state observer can be formulated as:

(1) 0 1

0)( x,(0) 0 A
xz(t) =0 0 1} X, @) |+| by |u(®)+| 1, (y(t)—fcl(t))
x3(t) 0 0 0)\x;(0 0 A
-, 1 0\ x( 0 A
==, 0 1] x,)|+|b, |u@)+|], |y(®)
-, 0 0\ x,(2) 0 A
- e

(11
where [;, I, and /3 are observer parameters to be
determined such thatX,, X, and x,will track y, y
and frespectively.

Then the control law

A

Uy~ X

u= with u, =K,.(r—%)-K,.%,(12)

0

reduces equation (7) to:
=K, (r(t)—y(1) - K,,.y(t)

where r is the set point.

W) =u, (13)

Taking the Laplace Transform of (13), one has the
close-loop transfer function as follows:
Y(s) _ K,
R(s) s’+K,s+K,

G, (s) = (14)
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Fig. 2. ADRC for a second order plant.
3.1.2 ADRC for trolley’s position control

To apply the ADRC presented in previous section, we
rewrite equation (4) to be the same form as equation

:

# =——L—(16"sin0-16cos6)+ Fy (15)
m, + mp m, + mp
= f(O)+byu(t)
where
f()=——"—(16sin0~10 cos6);
m, +mp
ut)=F,

According to [15], the ADRC’s parameters can be as
follows:

e  Get the desired 2% settling time Tesie.
e Choose Kp and Kp to get a negative-real double
pole, 55 =s:

_L(w)

settle

2
K, =<SCL) , K, =-25% with s

e Since the observer dynamics must be fast

enough, the observer poles s/3° must be placed

left of the close-loop pole s¢E, for suggestion:

ESO _

50 =557 % (3..10).s"

)

e The observer parameters can be computed from
its characteristic polynomial:

det(s/—(A-LC)) = s’ +1s*+Ls+l, (18)
; (S_SEso)3
Then
L=-3.550,0, =3.(s*0) L =(s5) (19)

3.2 Input Shaping
3.2.1 Input Shaping concept

Input Shaping (IS)[1] is a feedforward technique
for residual vibration suppression. A basic illustration
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of a input shaper which inlcudes two impulses
(known as Zero Vibration shaper) is shown in Fig. 3.
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Fig. 3. Input Shaping Technique.

If an unshaped command is used to control the
system and causes system’s residual vibration, it is
convoluted with pulse series to obtain shaped
command that can suppress residual vibration.

In case the pulse series include two pulses with
magnitute A; and A4, at time instant #; and %

respectively, these parameters are determined as
follows:
1
A4 = LK t,=0
+
K - (20)
A =——, t,=—
1+K ,
where
K =exp| — 43 R
J1-¢ @1

w, =o,\1-&

& is the damping ratio and w, is the nature frequency
of the system.

Two pulse series are sensitive to parameter variation,
to improve the robustness of the input shaping, the
Zero Vibration Derivative (ZVD) using three pulses
series is designed with parameters [1]:

S S
"1+2K+ KT
2K T
_ =" 22
Pl42K+K 7 o, @)
K? 2r
3:—2’ t3__
1+2K+K w,

where K and w, as the same as in (21).
3.2.2 ADRC with Input shaping

ADRC is used to control the trolley’s position with
disturbance rejection. However, the residual vibration
of payload may still exist. Therefore, Input shaping is
used in combination with ADRC to suppress the
vibration. Assuming the sway angle is small, we have
then: sinf ~ 6 and cos® = 1. Equation (5) becomes

¥+10+g0=0 (23)
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So, we will obtain:

o2
a(s) _ 2S (24)
X(s) Is"+g
The individual frequency of sway: w, =+/g /!
Factor of the damped oscillation: &= 0
So, to reduce the vibration excited by the trolley

motion, the parameters of ZVD shaper are:

1
A =————=025 1,=0
1+2K+K
_ 2K _ . T
2 142K+ K? N Py
K*? 27
=—=025 ¢, =
4 142K + K2 ? Je/l

The structure of ADRC with Input shaping controller
is shown in Figure 4. ADRC is used to control the
trolley to track the desired input trajectory. The IS is
used to reduce the vibration excited by the trolley
motion.
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Fig. 4. ADRC with Input Shaping controller.
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3.3 Simulation

To verify the effectiveness of the proposed control
structure, simulations are done with the following
parameters.

Table 1. The system’s parameters [9]

Symbol | Description Value

m; Mass of the trolley 0.536 (kg)
mp Mass of the load 0.375 (kg)
/ Rope length 0.64 (m)

The parameters for ADRC controller design is chosen
as follows:

bo=1/(m + my)=1.1
Ts‘ettle =4 [S]

SESO — 9 SCL

We will compare the performance of ADRC with
PID-IS combined controller (Kp = 5, K; = 1, Kp= 4
[9]) and ADRC-IS combined controller. In this
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comparison, a 2-1-2 trajectory type reference signal
for the trolley placement is used.
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Fig. 5. Trolley displacement - no disturbance.

0.015

0.01 L

0.005 |

Theta (rad)

-0.005 LW

ADRC
_____ ADRC-IS
- = = PID-IS

-0.01 |

-0.015

L L L
15 20 25 30

Time (s)

Fig. 6. Payload’s sway angle - no disturbance.

In the first simulation, the system without disturbance
is considered. The displacement of trolley and sway
angle of the payload with three considered
controllers are shown in Figure 5 and 6 respectively.
It is observed that all the controllers have good
performance. The ADRC and PID+IS are have the
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similar quality. The ADRCHIS is slower, but the
residual  vibration is smallest among these
controllers.
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Fig. 7. Trolley’s displacement - constant disturbance
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Fig. 8. Payload’s sway angle - constant disturbance

In second simulation, in order to test the
robustness of the ADRC approach, a disturbance
0.15(N) which acts on trolley are introduced in the
simulation at t = 15s. The simulation results are
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shown in Fig. 7 for trolley’s position and in Fig. 8 for
payload sway angle.

It can be seen that the ADRC and ADRCHIS can
settle the the trolley’s position much faster than
PID+IS. It means that the ADRC controller can reject
the disturbance better than PID.

However, because the input shaping is
feedforward controller that cannot effect to the
system’s disturbace, the residual vibration caused by
disturbance cannot be reduced as seen in Figure 8.
Another reason is that ADRC controller is designed
to reject the disturbance for trolley only. There is a
trade off between the payload’s sway angle and
settling time of trolley position. These problems will
be considered carefully in the next researches.

4. Conclusion

The paper has proposed the ADRC in
combination with Input shaping controller.
Simulations show that this structure outperforms the
ADRC and PID+IS structures both in disturbance
rejection and vibration suppression. Besides, the
simplicity in designing process promises its wide
application in future.

In the next step, the practical implementation of
this approach will be done. The problem of reducing
residual vibration caused by disturbance will be
considered. In addition, its application in other
systems are also considered.
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